Chapter \ 



Introduction 



Groundwater hydrology may be defined as the science of the occurrence, distribution, and 
movement of water below the surface of the earth. Geohydrology has an identical connotation, 
and hydrogeology differs only by its greater emphasis on geology. Utilization of groundwater 
dates from ancient times, although an understanding of the occurrence and movement of sub- 
surface water as part of the hydrologic cycle is recent. 

The U.S. National Research Council (1991) presented the following definition of hydrology: 

Hydrology is the science that treats the waters of the Earth, their occurrence, circulation, and 
distribution, their chemical and physical properties, and their reaction with the environment, 
including the relation to living things. The domain of hydrology embraces the full life history 
of water on Earth. 

Section 1.5 describes in further detail the concepts of the hydrologic cycle. 

The importance of groundwater (hydrology) in the hydrologic cycle has been the subject of 
extensive technical research and publishing by many investigators over the past decades. Many 
of these publications are introduced in this book. Also, many books written on the subject of the 
fate of water have caught the attention of the general public, especially those interested in saving 
our resources. These include books by Carson 18 and de Villiers, 28 among others. 



1.1 SCOPE 



Groundwater (referred to without further specification) is commonly understood to mean water 
occupying all the voids within a geologic stratum. This saturated zone is to be distinguished 
from an unsaturated, or aeration, zone where voids are filled with water and air. Water con- 
tained in saturated zones is important for engineering works, geologic studies, and water sup- 
ply developments; consequently, the occurrence of water in these zones will be emphasized 
here. Unsaturated zones are usually found above saturated zones and extend upward to the 
ground surface; because water here includes soil moisture within the root zone, it is a major 
concern of agriculture, botany, and soil science. No rigid demarcation of waters between the two 
zones is possible, for they possess an interdependent boundary, and water can move from zone 
to zone in either direction. The interrelationships are described more fully in Chapter 2. 

Groundwater plays an important part in petroleum engineering. Two-fluid systems, 
involving oil and water, and three-fluid systems, involving gas, oil, and water, occur frequently 
in development of petroleum. Although the same hydrodynamic laws govern flows of these 
systems and groundwater, the distinctive nature of water in petroleum reservoirs sets it apart 
from other groundwater. Major differences exist in water quality, depth of occurrence, and 
methods of development and utilization, all of which contribute to a separation of interests and 
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applications. Therefore, groundwater in petroleum reservoirs will not be treated specifically in 
this book. It should be noted, however, that groundwater hydrology has gained immeasurably 
from research conducted by the petroleum industry. 



1.2 HISTORICAL BACKGROUND 

1.2.1 Qanats 

Groundwater development dates from ancient times. 1 5> 47 * The Old Testament contains numerous 
references to groundwater, springs, and wells. Other than dug wells, groundwater in ancient 
times was supplied from horizontal wells known as qanats These persist to the present day and 
can be found in a band across the arid regions of Southwestern Asia and North Africa extending 
from Afghanistan to Morocco. A cross section along a qanat is shown in Figure 1.2.1. Typically, 
a gently sloping tunnel dug through alluvial material leads water by gravity flow from beneath 
the water table at its upper end to a ground surface outlet and irrigation canal at its lower end. 13 
Vertical shafts dug at closely spaced intervals provide access to the tunnel. 81 Qanats are labori- 
ously hand constructed by skilled workers employing techniques that date back 3,000 years. * 
Iran possesses the greatest concentration of qanats; here some 22,000 qanats supply 75 
percent of all water used in the country. Lengths of qanats extend up to 30 km, but most are 
less than 5 km. 13 The depth of the qanat mother well (see Figure 1.2.1) is normally less than 
50 m, but instances of depths exceeding 250 m have been reported. Discharges of qanats vary 
seasonally with water table fluctuations and seldom exceed 100 m 3 /hr. Indicative of the den- 
sity of qanats is the map in Figure 1.2.2. Based on aerial photographs of the Varamin Plain, 
located 40 km southeast of Tehran, this identifies 266 qanats within an area of 1,300 km 2 . 

1.2.2 Groundwater Theories 

Utilization of groundwater greatly preceded understanding of its origin, occurrence, and move- 
ment. The writings of Greek and Roman philosophers to explain origins of springs and ground- 




Figure 1.2.1. Vertical cross section along a qanat (after Beaumont 12 ). 



* Superscript numbers refer to references at the end of the chapter. 

1 Qanat comes from a Semitic word meaning “to dig." There are several variants of the name, including karez, fog- 
gara, and falaj, depending on location; in addition, there are numerous differences in spelling. 26 

* Illustrative of the tremendous human effort expended to construct a qanat is a calculation by Beaumont. 13 The 
longest qanat near Zarand, Iran, is 29 km long with a mother well depth of 96 m and with 966 shafts along its 
length; the total volume of material excavated is estimated at 75,400 m 3 . 




1.2 Historical Background 3 



water contain theories ranging from fantasy to nearly correct accounts. 1, 6 As late as the sev- 
enteenth century it was generally assumed that water emerging from springs could not be 
derived from rainfall, for it was believed that the quantity was inadequate and the earth too 
impervious to permit penetration of rainwater far below the surface. Thus, early Greek philoso- 
phers such as Homer, Thales, and Plato hypothesized that springs were formed by seawater 
conducted through subterranean channels below the mountains, then purified and raised to the 
surface. Aristotle suggested that air enters cold dark caverns under the mountains where it con- 
denses into water and contributes to springs. 

The Roman philosophers, including Seneca and Pliny, followed the Greek ideas and con- 
tributed little to the subject. An important step forward, however, was made by the Roman archi- 
tect Vitruvius. He explained the now-accepted infiltration theory that the mountains receive large 
amounts of rain that percolate through the rock strata and emerge at their base to form streams. 




Figure 1.2.2. Map of qanats on the Varamin Plain, Iran (after Beaumont 9 ). 
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The Greek theories persisted through the Middle Ages with no advances until the end of 
the Renaissance. The French potter and philosopher Bernard Palissy (c. 1510-1589) reiterated 
the infiltration theory in 1580, but his teachings were generally ignored. The German 
astronomer Johannes Kepler (1571-1630) was a man of strong imagination who likened the 
earth to a huge animal that takes in water of the ocean, digests and assimilates it, and dis- 
charges the end products of these physiological processes as groundwater and springs. The 
seawater theory of the Greeks, supplemented by the ideas of vaporization and condensation 
processes within the earth, was restated by the French philosopher Rene Descartes 
(1596-1650). 

A clear understanding of the hydrologic cycle was achieved by the latter part of the sev- 
enteenth century. For the first time, theories were based on observations and quantitative data. 
Three Europeans made notable contributions, although others contributed to and supported 
these advances. Pierre Perrault* (1611-1680) measured rainfall during three years and esti- 
mated runoff of the upper Seine River drainage basin. He reported in 1674 that precipitation 
on the basin was about six times the river discharge, thereby demonstrating as false the early 
assumption of inadequate rainfall. 57 The French physicist Edme Mariotte (c. 1620-1684) made 
measurements of the Seine at Paris and confirmed Perrault’s work. His publications appeared 
in 1686, after his death, and contained factual data strongly supporting the infiltration theory. 
Meinzer 54 once stated, “Mariotte . . . probably deserves more than any other man the distinc- 
tion of being regarded as the founder of groundwater hydrology, perhaps I should say of the 
entire science of hydrology.” The third contribution came from the English astronomer 
Edmund Halley (1656-1742), who reported in 1693 on measurements of evaporation, demon- 
strating that sea evaporation was sufficient to account for all springs and stream flow. 

1.2.3 Recent Centuries 

During the eighteenth century, fundamentals in geology were established that provided a basis 
for understanding the occurrence and movement of groundwater. During the first half of the 
nineteenth century many artesian wells were drilled in France, stimulating interest in ground- 
water. The French hydraulic engineer Henry Darcy (1803-1858) studied the movement of 
water through sand. His treatise of 1856 defined the relation, now known as Darcy’s law, gov- 
erning groundwater flow in most alluvial and sedimentary formations. Later European contri- 
butions of the nineteenth century emphasized the hydraulics of groundwater development. 
Significant contributions were made by J. Boussinesq, G. A. Daubree, J. Dupuit, P. Forch- 
heimer, and A. Thiem. In the twentieth century, increased activity in all phases of groundwa- 
ter hydrology occurred. Many Europeans have participated with publications of either 
specialized or comprehensive works. There are too many people to mention them all, but R. 
Dachler, E. Imbeaux, K. Keilhack, W. Koehne, J. Kozeny, E. Prinz, H. Schoeller, and G. Thiem 
are best known in the United States. 



* Pierre Perrault was a lawyer by profession and held administrative and financial positions in the French govern- 
ment; hence he is not well known in scientific circles. His interest in groundwater, leading to publication of 
De I’Origine des Fontaines in 1674, can be traced to the stimulus of the Dutch mathematician, astronomer, and 
physicist, Christiaan Huygens, who was then living in Paris and to whom the book is dedicated. Also, Pierre 
Perrault is often overshadowed by his four distinguished brothers: Jean (c. 1610-1669), a lawyer; Nicolas 
(1624-1662), a noted theologian; Claude (1613-1688), a physician, architect, and scientist, who is regarded as one 
of the most eminent French scholars of his time; and Charles (1628-1703), author and critic, who is best known for 
his Mother Goose fairy tales. 
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American contributions to groundwater hydrology date from near the end of the nine- 
teenth century. In the past 110 years, tremendous advances have been made. Important early 
theoretical contributions were made by A. Hazen, F. H. King, and C. S. Slichter, while detailed 
field investigations were begun by men such as T. C. Chamberlin, N. H. Darton, W. T. Lee, and 
W. C. Mendenhall. 0. E. Meinzer, through his consuming interest in groundwater and his 
dynamic leadership of groundwater activities of the U.S. Geological Survey, stimulated many 
individuals in the quest for groundwater knowledge. In recent decades the publications of 
M. S. Hantush, C. E. Jacob, G. B. Maxey, C. L. McGuinness, and R. W. Stallman are note- 
worthy. Within the last 40 years the surge in university research on groundwater problems, the 
establishment of professional consulting firms specializing in groundwater, the advent of the 
digital computer, and the extensive development of computer software have jointly produced 
a competence for development and management of groundwater resources. 



1.3 TRENDS IN WATER WITHDRAWALS AND USE 

The U.S. Geological Survey 65 estimated the total fresh and saline withdrawals in the United 
States during 1995 to have been 402,000 million gallons per day (Mgal/d) for all off-stream 
water-use categories (public supply, domestic, commercial, irrigation, livestock, industrial, 
mining, thermoelectric power). This estimate is nearly two percent less than the withdrawal 
estimate for 1990. Table 1.3.1 and Figure 1.3.1 provide a comparison of total water with- 
drawals by water-resources region. This comparison indicates that the California, South 
Atlantic-Gulf, and Mid-Atlantic regions account for one-third of the total water withdrawn in 
the United States. 

National water-use compilations began in 1950 and are conducted at five-year intervals. 65 
Estimates in Table 1.3.2 and Figure 1.3.2 summarize the water use — withdrawals, source of 
water, reclaimed wastewater, consumptive use, and in-stream use (hydroelectric power) — at 
five-year intervals. Figure 1.3.3 illustrates the trends in water withdrawals by water-use cate- 
gory and total withdrawals for 1960-1995. Table 1.3.2 also illustrates the percentage change 
in the 1990 and 1995 summary estimates. Estimates indicate that the general increase in water 
use from 1950 to 1980 and the decrease from 1980 to 1995 can be attributed in part to the fol- 
lowing major factors: 65 

• Most of the increases in water use from 1950 to 1980 were the result of expansion of 
irrigation systems and increases in energy development. 

• The development of center-pivot irrigation systems and the availability of plentiful and 
inexpensive groundwater resources supported the expansion of irrigation systems. 

• Higher energy prices in the 1970s, and large drawdown in groundwater levels in some 
areas increased the cost of irrigation water. In the 1980s, improved application tech- 
niques, increased competition for water, and a downturn in farm economy reduced 
demands for irrigation water. 

• The transition from water-supply management to water-demand management encour- 
aged more efficient use of water. 

• New technologies in the industrial sector that require less water, improved plant effi- 
ciencies, increased water recycling, higher energy prices, and changes in laws and reg- 
ulations to reduce the discharge of pollutants resulted in decreased water use and less 
water being returned to natural systems after use. 

• The enhanced awareness by the general public of water resources and the active con- 
servation programs in many states have contributed to reduced water demands. 
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Table 1.3.2 Trends of Estimated Water Use in the United States, 1950-95 



Percentage 

Year change 





1950' 


1955 1 


I960 2 


1965 2 


1970 3 


1975 4 


1980 4 


1985 4 


1990 4 


I995 4 


1990-95 


Population (millions) 


150.7 


164.0 


179.3 


193.8 


205.9 


216.4 


229.6 


242.4 


252.3 


267.1 


+6 


Off stream use 
Total withdrawals 


180 


240 


270 


310 


370 


420 


440 5 


399 


408 


402 


-2 


Public supply 


14 


17 


21 


24 


27 


29 


34 


36.5 


38.5 


40.2 


+4 


Rural domestic 


3.6 


3.6 


3.6 


4.0 


4.5 


4.9 


5.6 


7.79 


7.89 


8.89 


+ 13 


and livestock 
Irrigation 


89 


110 


110 


120 


130 


140 


150 


137 


137 


134 


-2 


Industrial 

Thermoelectric 


40 


72 


100 


130 


170 


200 


210 


187 


195 


190 


-3 


power use 
Other industrial use 


37 


39 


38 


46 


47 


45 


45 


30.5 


29.9 


29.1 


-3 


Source of water 
Ground 
Fresh 


34 


47 


50 


60 


68 


82 


83 5 


73.2 


79.4 


76.4 


-4 


Saline 


( 6 ) 


.6 


.4 


.5 


1 


1 


.9 


.652 


1.22 


1.11 


-9 


Surface 

Fresh 


140 


180 


190 


210 


250 


260 


290 


265 


259 


264 


+2 


Saline 


10 


18 


31 


43 


53 


69 


71 


59.6 


68.2 


59.7 


-12 


Reclaimed wastewater 


( 6 ) 


.2 


.6 


.7 


.5 


.5 


.5 


.579 


.750 


1.02 


+36 


Consumptive use 


( 6 ) 


( 6 ) 


61 


77 


87 7 


96 7 


100 7 


92.3 7 


94 7 


100 7 


+6 


Instream use 
Hydroelectric power 


1,100 


1,500 


2,000 


2,300 


2,800 


3,300 


3,300 


3,050 


3,290 


3,160 


-4 



1 48 States and District of Columbia 5 Revised 

2 50 States and District of Columbia 6 Data not available. 



3 50 States and District of Columbia, and Puerto Rico 7 Freshwater only 

4 50 States and District of Columbia, Puerto Rico, and Virgin Islands 

Source: Solley 65 




I960 1955 1960 1965 1970 1975 1980 1985 1990 1995 



Figure 1.3.2. Trends in fresh groundwater and surface-water withdrawals, and population, 1950—95. 65 
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Figure 1.3.3. Trends in water withdrawals (fresh and saline) by water-use category and total (fresh 
and saline) withdrawals, 1960-9 5. 65 



1.4 UTILIZATION OF GROUNDWATER 

Groundwater is an important source of water supply throughout the world. Its use in irrigation, 
industries, municipalities, and rural homes continues to increase. Figure 1.4.1 strikingly illus- 
trates the dependence of an Indian village on its only water source — groundwater from a sin- 
gle dug well. Cooling and air conditioning have made heavy demands on groundwater because 
of its characteristic uniformity in temperature. Shortages of groundwater in areas where exces- 
sive withdrawals have occurred emphasize the need for accurate estimates of the available sub- 
surface resources and the importance of proper planning to ensure the continued availability 
of water supplies. 

There is a tendency to think of groundwater as being the primary water source in arid 
regions and of surface water in humid regions. But a study of groundwater use in the United 
States, for example, reveals that groundwater serves as an important resource in all climatic 




Figure 1.4,1. Villagers laboriously lifting and carrying water from a deep dug well in northern India 
(photo by David K. Todd). 
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zones. 55 Reasons for this include its convenient availability near the point of use, its excellent 
quality (which typically requires little treatment), and its relatively low cost of development. 
Furthermore, in humid locales such as Barbados, Jamaica, and Hawaii, groundwater predom- 
inates as the water source because the high infiltration capacity of the soils sharply reduces sur- 
face runoff. 

Figure 1 .4.2 illustrates the relative proportion of water source and disposition and the gen- 
eral distribution of water from source to disposition for 1995. Table 1.4.1 lists the total off- 
stream water use by state for 1995 — breaking down the withdrawals into groundwater and 
surface water and subdividing these into fresh and saline water. The total groundwater with- 
drawal was 77,500 Mgal/d and the total surface-water withdrawal was 324,000 Mgal/d. Table 
1.4.2 lists the groundwater withdrawals by water-use category and water-resources region for 
1995. The significant proportion of groundwater used for irrigation purposes is clearly indi- 
cated by the fact that 49,000 Mgal/d of the total 77,500 Mgal/d is used for irrigation. 



SOURCE 



USE DISPOSITION 



SURFACE WATER DOMESTIC-COMMERCIAL CONSUMPTIVE USE 




Figure 1 . 4 . 2 . Source, use, and 
disposition of freshwater in the 
United States, 1995 , For each 
water-use category, this diagram 
shows the relative proportion of 
water source and disposition and 
the general distribution of water 
from source to disposition. The 
lines and arrows indicate the distri- 
bution of water from source to dis- 
position for each category; for 
example, surface water was 77.6 
percent of total freshwater with- 
drawn, and going from “Source” to 
“Use” columns, the line from the 
surface-water block to the domes- 
tic and co mm ercial block indicates 
that 0.8 percent of all surface water 
withdrawn was the source for 4.8 
percent of total water (self-sup- 
plied withdrawals, public-supply 
deliveries) for domestic and com- 
mercial purposes. In addition, 
going from the “Use" to 
“Disposition” columns, the line 
from the domestic and commercial 
block to the consumptive use block 
indicates that 19.2 percent of the 
water for domestic and commercial 
purposes was consumptive use; 
this represents 8.0 percent of total 
consumptive use by all water-use 
categories. 65 



Table 1.4.1 Total Offstream Water Use by State, 1995 
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Table 1.4.2 Groundwater Withdrawals by Water-Use Category and Water-Resources Region, 1995 



Region 


Public 

supply 


Domestic 


Commer- 

cial 


Irrigation 


Live- 

stock 


Industrial 


Mining 


Thermo- 

electric 




Total 


Fresh 


Fresh 


Fresh 


Fresh 


Fresh 


Fresh 


Saline 


Fresh 


Saline 


Fresh 


Fresh 


Saline 


New England 


335 


168 


64 


47 


6.4 


53 


0 


2.9 


0 


48 


725 


0 


Mid-Atlantic 


1,270 


485 


217 


128 


79 


344 


0 


159 


1.0 


11 


2,690 


1.0 


South Atlantic-Gulf 


2,760 


719 


114 


2,280 


188 


787 


0 


177 


9.1 


79 


7,110 


16 


Great Lakes 


585 


354 


44 


170 


50 


270 


3.6 


34 


1.0 


7.6 


1,510 


4.6 


Ohio 


880 


323 


91 


61 


60 


379 


0 


115 


22 


70 


1,980 


22 


Tennessee 


125 


64 


3.6 


8.7 


19 


35 


0 


3.7 


0 


0 


258 


0 


Upper Mississippi 


1,150 


311 


94 


430 


216 


328 


0 


22 


4.2 


24 


2,570 


4.2 


Lower Mississippi 


741 


73 


15 


6,930 


740 


611 


0 


3.1 


0 


69 


9,180 


0 


Souris-Red-Rainy 


34 


17 


.2 


45 


17 


1.7 


0 


.4 


0 


0 


115 


0 


Missouri Basin 


643 


137 


19 


8,030 


253 


102 


0 


104 


38 


30 


9,320 


38 


Arkans as- White-Red 


378 


105 


16 


6,660 


190 


78 


0 


30 


284 


37 


7,490 


284 


Texas-Gulf 


978 


115 


34 


4,370 


82 


214 


.5 


118 


324 


50 


5,960 


324 


Rio Grande 


356 


25 


17 


1,420 


27 


10 


0 


53 


60 


16 


1,930 


61 


Upper Colorado 


35 


11 


5.6 


38 


4.2 


2.4 


0 


20 


14 


0 


116 


14 


Lower Colorado 


476 


44 


22 


2,210 


33 


42 


0 


126 


12 


45 


3,000 


12 


Great Basin 


350 


13 


10 


1,090 


9.2 


60 


.1 


71 


19 


2.6 


1,610 


56 


Pacific Northwest 


917 


253 


37 


4,030 


44 


215 


0 


6.5 


0 


.5 


5,500 


0 


California 


2,730 


112 


77 


10,900 


231 


522 


10 


16 


151 


3.6 


14,600 


185 


Alaska 


30 


8.3 


11 


.1 


.1 


3.8 


0 


0 


75 


4.2 


58 


75 


Hawaii 


200 


2.4 


45 


173 


7.5 


19 


.9 


.5 


0 


67 


515 


16 


Caribbean 


95 


6.4 


1.3 


33 


4.5 


10 


.2 


3.4 


0 


2.2 


156 


.2 


Total 


15,100 


3,350 


939 


49,000 


2,260 


4,090 


15 


1,070 


1,010 


565 


76,400 


1,110 



Figures may not add to totals because of independent rounding. All values in million gallons per day 
Source: Solley 65 



The largest single demand for groundwater is irrigation, amounting to 67.3% percent of 
all groundwater used in 1995. More than 90 percent of this water is pumped in the western 
states, where arid and semiarid conditions have fostered extensive irrigation development. 



1.5 GROUNDWATER IN THE HYDROLOGIC CYCLE 
1.5.1 Hydrologic Cycle 

The central focus of hydrology is the hydrologic cycle consisting of the continuous processes 
shown in Figure 1.5.1. Water evaporates from the oceans and land surfaces to become water 
vapor that is carried over the earth by atmospheric circulation. The water vapor condenses and 
precipitates on the land and oceans. The precipitated water may be intercepted by vegetation, 
become overland flow over the ground surface, infiltrate into the ground, flow through the soil 
as subsurface flow, or discharge as surface runoff. Evaporation from the land surface comprises 
evaporation directly from soil and vegetation surfaces, and transpiration through plant leaves. 
Collectively these processes are called evapotranspiration. Infiltrated water may percolate 
deeper to recharge groundwater and later become springflow or seepage into streams to also 
become streamflow. 
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Figure 1.5.1. Hydrologic cycle with global annual average water balance given in units relative to a value of 100 for the rate of 
precipitation on land. 22 



A hydrologic system is defined as a structure or volume in space, surrounded by a bound- 
ary, that accepts water and other inputs, operates on them internally, and produces them as out- 
puts. 21, 22 The structure (for surface or subsurface flow) or volume in space (for atmospheric 
moisture flow) is the totality of the flow paths through which the water may pass as through- 
put from the point it enters the system to the point it leaves. The boundary is a continuous sur- 
face defined in three dimensions enclosing the volume or structure. A working medium enters 
the system as input, interacts with the structure and other media, and leaves as output. Physi- 
cal, chemical, and biological processes operate on the working media within the system; the 
most common working media involved in hydrologic analysis are water, air, and heat energy. 

The global hydrologic cycle can be represented as a system containing three subsystems: 
the atmospheric water system , the surface water system , and the subsurface water system as 
shown in Figure 1.5.2. Another example is the storm-rainfall-runoff process on a watershed, 
which can be represented as a hydrologic system. The input is rainfall distributed in time and 
space over the watershed and the output is streamflow at the watershed outlet. The boundary 
is defined by the watershed divide and extends vertically upward and downward to horizontal 
planes. 

Drainage basins , catchments , and watersheds are three synonymous terms that refer to the 
topographic area that collects and discharges surface streamflow through one outlet or mouth. 
Catchments are typically referred to as small drainage basins but no specific area limits have 
been established. The drainage basin divide, watershed divide, or catchment divide is the line 
dividing land whose drainage flows toward the given stream from land whose drainage flows 
away from that stream. Think of drainage basin sizes ranging from the Mississippi River 
drainage basin to a small urban drainage basin in your local community or some small valley 
in the countryside near you. 
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Figure 1.5.2. Block-diagram representation of the global hydrologic system. 22 



1.5.2 The Groundwater System in the Hydrologic Cycle 

Groundwater constitutes one portion of the earth’s water circulatory system known as the 
hydrologic cycle. Figure 1.5.1 illustrates some of the many facets involved in this cycle. Water- 
bearing formations of the earth’s crust act as conduits for transmission and as reservoirs for 
storage of water. Water enters these formations from the ground surface or from bodies of sur- 
face water, after which it travels slowly for varying distances until it returns to the surface by 
action of natural flow, plants, or humans. The storage capacity of groundwater reservoirs com- 
bined with small flow rates provide large, extensively distributed sources of water supply. 
Groundwater emerging into surface stream channels aids in sustaining streamflow when sur- 
face runoff is low or nonexistent. Similarly, water pumped from wells represents the sole 
water source in many regions during much of every year. 

Practically all groundwater originates as surface water. Principal sources of natural 
recharge include precipitation, streamflow, lakes, and reservoirs. Other contributions, known 
as artificial recharge, occur from excess irrigation, seepage from canals, and water purposely 
applied to augment groundwater supplies. Even seawater can enter underground along coasts 
where hydraulic gradients slope downward in an inland direction. Water within the ground 
moves downward through the unsaturated zone under the action of gravity, whereas in the sat- 
urated zone it moves in a direction determined by the surrounding hydraulic situation. 

Discharge of groundwater occurs when water emerges from underground. Most natural 
discharge occurs as flow into surface water bodies, such as streams, lakes, and oceans; flow to 
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the surface appears as a spring. Groundwater near the surface may return directly to the 
atmosphere by evaporation from within the soil and by transpiration from vegetation. Pumpage 
from wells constitutes the major artificial discharge of groundwater. 

In this section we will discuss in general some of the aspects of the movement of ground- 
water in the hydrologic cycle. The groundwater flow system comprises the subsurface water, 
the geologic (porous) media containing the water, the flow boundaries, the sources (outcrop 
areas, streams for recharge to the aquifer), and the sinks (springs, interaquifer flow, and wells 
for flow from the aquifer). Water flows through and is stored within the groundwater system. 
Under natural conditions, the travel time of groundwater can range from less than a day to 
more than a million years. The age of the water can range from recent precipitation to water 
trapped in sediments that were deposited in geologic time. Chapter 3, Groundwater Movement, 
discusses the mechanics of groundwater movement. 

The water that is withdrawn from a groundwater system initially comes from storage. The 
effects of the withdrawal from storage are propagated through the system, over time, as water 
heads (the water table) decrease at greater distances from the point of withdrawal. Ultimately, 
the effect of the withdrawal reaches a boundary such as a stream. At the stream, either 
increased recharge ( water added) to the groundwater system occurs or increased discharge 
from the system occurs. Figure 1.5.3 shows the sources of water supplying pumpage from ten 
major regional aquifer systems in the United States. The figure illustrates the variability of 
aquifer response to long-term pumping and the extent to which changes in recharge and dis- 
charge can exceed changes in storage. It is important to quantify recharge, despite the difficulty 
of that undertaking. 

Typically, most water from precipitation that infiltrates does not become recharge, but 
instead is stored in the soil zone and is eventually returned to the atmosphere by evaporation 
and plant transpiration. 2 The percentage of precipitation that becomes diffuse recharge is 
highly variable and depends upon many factors, such as depths to the water table, properties 
of surface soils, aquifer properties, and many other factors. 

Interactions of surface-water systems with groundwater systems depend upon many fac- 
tors, including positions of the surface-water systems relative to the groundwater systems; 
characteristics of the surface-water systems and their underlying materials; and the climate set- 
ting. 2, 80 Figure 1.5.4 illustrates the effect of transient recharge from precipitation on the con- 
figuration of a water table and the associated groundwater flow. The exchange of water across 
the interface between surface water and groundwater can result from downstream movement 
of water in and out of streambeds and banks, as illustrated in Figure 1.5.5. Other exchanges 
result from tides, wave action, filling or draining of reservoirs, and transpiration from vegeta- 
tion at the edges of wetlands and other surface water sources. Most studies of exchanges have 
focused on streams. 

Flows within groundwater systems can be on a local, intermediate, and regional basis, as 
illustrated in Figure 1.5.6. The recharge and discharge areas in a local system of groundwater 
flow are adjacent to each other. The recharge and discharge in an intermediate groundwater 
flow system are separated by one or more topographic high and low. In regional groundwater 
flow systems, recharge areas are along groundwater divides and discharge areas are located at 
the bottom of major drainage divides. Not every aquifer has each of these types of flow sys- 
tems. 33, 71 In an aquifer system, the largest amount of groundwater flow is commonly in the 
local flow systems which are mostly affected by seasonal variations in recharge. Recharge 
areas of these local systems make up the largest part of the surface of a drainage basin, are rel- 
atively shallow, and have transient conditions. Regional groundwater flow systems are less 
transient than local and intermediate flow systems. 

A conceptual model of an aquifer system, as illustrated in Figure 1.5.6 for the Midwest- 
ern Basins and Arches aquifer system (see Figure 1.5.7 for location), is a simplified qualitative 
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Figure 1 , 5 . 3 , Sources of water that supply withdrawals from major aquifer systems in the United States are highly variable, as 
shown by these results from model simulations for various periods (Johnston, 1997). The Floridan and Edwards-Trinity aquifer sys- 
tems, which equilibrate rapidly after pumping, were simulated as steady-state with no long-term change in storage. In contrast, the 
Southern High Plains (with most natural discharge occurring far from pumping wells) and the deeply buried Great Plains aquifer 
system have had substantial changes in groundwater storage. The distinction between changes in recharge and changes in discharge 
is a function of how the system was defined (i.e., a gain to one system may result in a loss from an adjoining system). For example, 
groundwater withdrawals from confined aquifers (Northern Atlantic Coastal Plain, Gulf Coastal Plain) can cause flow to be diverted 
(recharged) into the deeper regional flow regime that would otherwise discharge to streams in the outcrop areas or cause vertical 
leakage across confining units. Groundwater recharge in a region can be increased as a result of human modifications, such as 
return flow of excess irrigation water (California Central Valley). Note that the areal extent of the Southeastern Coastal Plain aquifer 
system overlaps the areal extents of the Floridan and Gulf Coastal Plain aquifer systems. 2 
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description of the physical system . 33 Conceptual models may include a description of the 
aquifers and confining units that make up the aquifer system, the boundary conditions, flow 
regimes, sources and sinks of water, and general directions of the groundwater flow. 





Initial effects of recharge event — Water table mounds near 
surface-water bodies where infiltration distance is smallest; 
groundwater discharge to surface water increases 




Later effects of recharge event — Elevated water table mimics 
land surface; groundwater discharge to surface water remains 
elevated as compared to pre-recharge conditions 




Direction of groundwater flow — Light arrows are associated with shallow, 
transient groundwater flow systems. Heavy arrows are associated with 
more stable groundwater flow systems 



Water level 



Figure 1.5.4. Diagrams showing the effect of transient recharge from precipitation on the configuration of a water table and associ- 
ated groundwater flow. 33 
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Figure 1.5.5. Local geomorphic features such as streambed topography, streambed roughness, mean 
dering, and heterogeneities in sediment hydraulic conductivities can give rise to localized flow sys- 
tems within streambeds and banks. The near-stream subsurface environment with active exchange 
between surface water and groundwater is commonly referred to as the hyporheic zone , although the 
transition between groundwater and surface water represents a hydrologic continuum, preventing a 
precise separation. 2 
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Figure 1.5.6. Diagrammatic conceptual model of the Midwestern Basins and Arches aquifer system showing flow paths associated 
with local, intermediate, and regional flow systems 71 and flow systems simulated by the regional groundwater flow model. 33 
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Figure 1.5.7. Midwestern Basin and Arches aquifer system in Parts of Indiana, Ohio, Michigan, and Illinois. 33 



1.6 HYDROLOGIC BUDGET 



A hydrologic budget, water budget, or water balance is a measurement of continuity of the 
flow of water, which holds true for any time interval and applies to any size area ranging from 
local-scale areas to regional-scale areas or from any drainage area to the earth as a whole. The 
hydrologists usually must consider an open system, for which the quantification of the hydro- 
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Figure 1.6.1. Components of hydrologic 
cycle in an open system: the major inflows 
and outflows of water from a parcel of land. 
Source: W.M. Marsh and J. Dozier, 
Landscape: An Introduction to Physical 
Geography. Copyright © 1986 by Wiley. 
Reprinted by permission of John Wiley & 
Sons, Inc. 



logic cycle for that system becomes a mass balance equation in which the change of storage 
of water (dS/dt) with respect to time within that system is equal to the inputs (7) to the system 
minus the outputs (O) from the system. 

Considering the open system in Figure 1.6.1, the water balance equation can be expressed 
for the surface water system and the groundwater system in units of volume per unit time sep- 
arately, or for a given time period and area, in depth. 

Surface Water System Hydrologic Budget 

P + Q ia -Q wt + Q g -E s -T s -l = AS s , (1.6.1) 

where P is the precipitation, Q ^ is the surface water flow into the system, Q oal is the surface 
water flow out of the system, Q g is the groundwater flow into the stream, E s is the surface evap- 
oration, T s is the transpiration, / is the infiltration, and AS s is the change in water storage of the 
surface water system. 

Groundwater System Hydrologic Budget 

/ + G i „-G 0U ,-e ! -£,-r i! = AS s , (1.6.2) 

where G in is the groundwater flow into the system, G out is the groundwater flow out of the sys- 
tem, and AS g is the change in groundwater storage. The evaporation, E g , and the transpiration, 
T g , can be significant if the water table is near the ground surface. 

System Hydrologic Budget 

The system hydrologic budget is developed by adding the above two budgets together: 

p ~ (Gout - Gin) - % + E g ) - (T s + Tg) - (G out - Gjn) = A(S, + Sg) (1.6.3) 
Using net mass exchanges, the above system hydrologic budget can be expressed as 



P-Q~G-E-T=AS 



(1.6.4) 
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Figure 1.6.2. Diagrams illustrating water 
budgets for a groundwater system for 
predevelopment and development condi- 
tions. 3 (a) Predevelopment water-budget 
diagram illustrating that inflow equals 
outflow. ( b ) Water-budget diagram show- 
ing changes in flow for a groundwater 
system being pumped. The sources of 
water for the pumpage are changes in 
recharge, discharge, and the amount of 
water stored. The initial predevelopment 
values do not directly enter the budget 
calculation. 



Hydrologic budgets can be used for numerous studies related to groundwater including 

• Estimating groundwater exchange with lakes. 32, 39, 46, 60, 63, 64, 

• Estimating surface water and groundwater interaction. 38, 42, 62 

• Computing recharge from a well -hydrograph data. 39 

A diagram illustrating water budgets for a groundwater system for predevelopment and 
development conditions is presented in Figure 1.6.2, A groundwater budget for part of Nassau 
and Suffolk Counties, Long Island, New York, is shown in Figure 1.6.3. Both of these water 
budgets assume equilibrium conditions with little or no change in storage. 



During 1996, the water budget terms for Lake Annie in Florida 60 included precipitation ( P ) of 43 inch/yr, 
evaporation (£) of 53 inch/yr, surface water inflow {Q m ) of 1 inch/yr, surface outflow (j2 0Ut ) of 173 
inch/yr, and change in lake volume (AS) of -2 inch/yr. Determine the net groundwater flow (the ground- 
water inflow minus the groundwater outflow). 



Assuming T g = 0, the water budget equation ( 1 .6.4) to define the net groundwater flow for the lake is 
G = AS- P + E- Q in + Q oul 

= -2-43 +53- 1 + 173 

= 180 inch/yr ■ 



During January 1 996, the water-budget terms for Lake Annie in Florida 60 included precipitation (P) of 1 .9 
inch, evaporation (£) of 1.5 inch, surface water inflow (g in ) of 0 inch, surface outflow (£> out ) of 17.4 inch, 
and change in lake volume (AS) of 0 inch. Determine the net groundwater flow for January 1996 (the 
groundwater inflow minus the groundwater outflow). 



SOLUTION 



The water budget equation to define the net groundwater flow for the lake is 

G = AS-P + E-Q m + = 0 - 1.9 + 1.5 - 0 + 17.4 = 17 inch for January 1996 
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OVERALL PREDEVELOPMENT 
WATER-BUDGET ANALYSIS 



NFLOWTO LONG ISLAND 
HYDROLOGIC SYSTEM 


CUBIC 
FEET PER 
SECOND 


1. Precipitation 


2,475 , 


OUTFLOW FROM LONG ISLAND 
HYDROLOGIC SYSTEM 




2. Evapotranspiration ol precipitation 


1,175 


3. Ground-water discharge to sea 


725 | 


4. Streamftow discharge to sea 


525 


S. Evapotranspiration of groundwater 


25 


6. Spring flow 


25 


Total outflow 


2,475 



GROUND-WATER PREDEVELOPMENT 
WATER-BUDGET ANALYSIS 



INFLOW TO LONG ISLAND 
GROUND-WATER SYSTEM 


CUBIC 
FEET PER 
SECOND 


7. Ground-water recharge 


1,275 


OUTFLOW FROM LONG ISLAND 
GROUND-WATER SYSTEM 




8. Ground-water discharge to streams 


500 


9. Ground-water discharge lo sea 


725 


10. Evapotranspiration of ground water 


25 


11. Spring Row 


25 


Total outflow 


1,275 




Figure 1.6.3. Groundwater budget for part of Nassau and Suffolk Counties, Long Island, New York. 3 Block diagram of Long 
Island, New York, and tables listing the overall water budget and groundwater budget under predevelopment conditions. Both water 
budgets assume equilibrium conditions with little or no change in storage. 



The components of hydrologic budgets axe either measured, calculated, or estimated. 
Evaporation, for example, may be obtained from measured pan evaporation data or calculated 
from the energy balance method, the aerodynamic method (such as the Thomthwaite-Holz- 
man equation), or a combination of these methods (such as the Priestley-Taylor evaporation 
method). Detailed discussions of these methods are presented in References 22, 49, and 52. 
Precipitation data are measured or is obtained from recorded data, and in some cases are esti- 
mated based upon recorded data for other time periods of interest. Depending upon the time 
period of the budget, average monthly values could also be used. In the case when the hydro- 
logic budgets are of lakes, lake volume changes are needed and they can be computed using 
actual lake-stage measurements and relationships between lake stage and lake volume. Using 
estimates of lake volume changes, evaporation, and precipitation, estimates of net groundwa- 
ter flow to a lake can be made. The individual components of net groundwater flow are the 
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groundwater inflow to the lake and the leakage from the lake, which can be determined 
through groundwater simulation models. Groundwater simulation models (Chapter 9), how- 
ever, need to be calibrated, which requires the monitoring of groundwater levels (hydraulic 
heads, Chapter 2), lithographic data (Chapter 12), results (hydraulic conductivities) from pump 
tests (Chapter 4), or slug tests (Chapter 5). With a calibrated groundwater flow model, the 
groundwater flow into a lake and the leakage from a lake can be determined using simulated 
groundwater flow fields. 



CASE STUDY Lake Five-O, Florida 

Grubbs 39 described the hydrologic budgetary analysis that was 
performed for Lake Five-0 (a seepage lake), located in Bay 
County in northwestern Florida (see Figures 1.6.4 and 1 .6.5). This 
hydrologic budget (Table 1.6.1 and Figure 1.6.6) was determined 
using both collected data and model simulation results (see Chap- 
ter 9). Lake Five-0 is located in an area characterized by coastal 
terrace deposits that have been modified by extensive karst devel- 
opment. Soils in the area are deep, excessively drained, and con- 
sist of very permeable, Lakeland series sands. Maximum lake 
depth ranged from 13.5 m to 15.4 m. Surface area ranged from 
10.4 to 1 1 .3 hectares, and the lake volume ranged from 9.09 x 10 5 
to 1.11 x 10 6 m 3 . 

The net groundwater flow (groundwater inflow minus leak- 
age) was determined by the water balance approach utilizing 
measurements of precipitation, lake evaporation was determined 
using the energy budget method, and lake volume changes were 
estimated from lake-stage measurements and a relationship 
between lake stage and lake volume. The analysis was utilized to 
make qualitative assessments of the significance of lake-ground- 
water exchanges during the study period. A groundwater simula- 



tion model was used to determine the groundwater inflows and 
seepage from the lake. The simulation model was developed using 
lithographic data to define the three geohydrologic units, a net- 
work of monitoring wells to define the hydraulic heads over the 
time of the hydrologic budget, previously published data, and lim- 
ited slug tests to help determine hydraulic conductivities. The 
analysis made it possible to develop quantitative estimates of min- 
imum groundwater inflow and leakage rates not only during the 
study period, but also for long-term average conditions. 

The hydrologic budget for Lake Five-0 is expressed as 

&S = P-B + Q in - Q oul 

The hydrologic budget by Grubbs 39 showed that the ground- 
water inflow to the lake and leakage from the lake to the ground- 
water system are the dominant components, respectively, in total 
inflow (precipitation plus groundwater inflow) and total outflow 
(evaporation plus leakage) budgets of the lake. The groundwater 
movement, including the head distribution and groundwater flow 
near Lake Five-O, is discussed in Section 3.6.6. 






Month 


Average lake 
volume 


Change in lake 
volume 


Precipitation 


Jan, 


989,700 


-26,100 


3,800 


Feb. 


964,000 


-21,900 


6,900 


Mar. 


943,300 


-13,900 


17,700 


Apr. 


935,200 


-8,700 


10,600 


May 


922,500 


-14,700 


8,900 


June 


945,600 


69,100 


56,800 


July 


1,024,800 


66,700 


26,300 


Aug. 


1,068,400 


26,200 


20,900 


Sept. 


1,091,800 


22,300 


21,500 


Oct. 


1,103,400 


3,100 


15,100 


Nov. 


1,108,200 


4,100 


13,800 


Dec. 


1,102,700 


1,000 


13,500 
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Figure 1,6.5. Location of data- 
collection sites in the Lake Five-0 
study area. 39 



i water Flow to Lake Five-0, 1989— 90 39 



Standard 

deviation (percent 

Net ground- Standard of net ground- 

Evaporation water flow deviation water flow) 



1989 



3,200 


-26,700 


4,100 


-24,700 


7,900 


-23,700 


11,000 


-8,300 


13,800 


-9,900 


12,000 


24,400 


13,300 


53,700 


12,300 


17,600 


16,800 


17,700 


13,000 


1,000 


9,400 


-300 


7,900 


-4,600 



2,300 


9 


2,600 


10 


3,300 


14 


2,800 


34 


2,900 


29 


9,300 


38 


5,400 


10 


3,700 


21 


3,700 


21 


2,700 


270 


2,300 


770 


2,300 


50 



(i continues ) 
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Table 1.6.1 ( continued) Monthly Net Groundwater Flow to Lake Five-O, 1989-90 



Month 


Average lake 
volume 


Change in lake 
volume 


Precipitation 


Evaporation 


Net ground- 
water flow 


Standard 

deviation 


Standard 

deviation (percent 
of net ground- 
water flow) 










1990 








Jan. 


1,107,000 


-3,100 


3,800 


3,300 


-3,500 


1,500 


43 


Feb. 


1,103,000 


-4,800 


5,700 


4,800 


-5,800 


1,300 


22 


Mar. 


1,092,000 


-15,500 


9,600 


8,600 


-16,500 


2,000 


12 


Apr. 


1,076,100 


-17,800 


12,000 


11,100 


-18,700 


2,400 


13 


May 


1,058,600 


-22,000 


9,400 


15,100 


-16,300 


2,400 


15 


June 


1,041,300 


-9,100 


23,700 


14,300 


-18,500 


4,200 


23 


July 


1,046,400 


17,900 


31,300 


15,000 


1,600 


5,300 


330 


Aug. 


1,055,600 


-2,400 


16,000 


15,600 


-2,800 


3,600 


130 


Sept. 


1,033,300 


-35,600 


3,900 


17,900 


-21,600 


2,900 


13 


Oct. 


998,600 


-35,100 


5,500 


15,400 


-25,200 


2,800 


11 


Nov. 


963,200 


-35,600 


800 


11,300 


-25,100 


2,600 


10 


Dec. 


932,000 


-28,900 


7,000 


7,400 


-28,500 


2,600 


9 



All units are in cubic meters, unless otherwise noted. Standard deviation is the error component of the net groundwater flow estimate. Negative 
values of net groundwater flow indicate that leakage exceeded groundwater inflow. 
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Figure 1.6.6. Monthly hydrologic budget compo- 
nents for Lake Five-O. 1989-90. 39 
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The components of a hydrologic budget, whether they are measured or calculated, have 
associated errors. These errors are based on the degree of uncertainty of the measurements, 
limitations of methods, and the assumptions made to calculate the values. In many situations 
information on the rainfall, surface outflow, and withdrawal for supply may be the most reli- 
able. Calculated values of lake evaporation and lake storage may be less reliable because off- 
site pan evaporation and estimated pan coefficients are used. Lake stage data may be less 
reliable because of the uncertainty in assessing the surface area of the lake. Groundwater flow 
is typically the least reliable. When the measured or calculated components are used in the 
budget calculations, imbalances between the inflow and outflow components, called residuals, 
occur. The residual term in a hydrologic budget is an accumulation of all the errors in the com- 
ponents of the budget. The previous hydrologic budget equations do not reflect residual terms; 
however, the analysis by Grubbs 39 describes the residuals in detail. 



1.7 PUBLICATION SOURCES 
1.7.1 Internet Resources 

The Internet has changed the availability of sources of information on groundwater hydrology. 
Now we can access many types of data and publications very rapidly through the use of a com- 
puter. Appendix A provides a list of U.S. government and nongovernmental organizations’ 
Web sites. 

Much of this book has been developed to serve as a portal to the vast resources on ground- 
water hydrology that now exist on the Internet. Hopefully this book will help guide the student, 
the professional, and the researcher to the general documents, program plans, field project 
details, software, and other information found on the Internet. Many of the new figures and 
tables in this edition have been taken from various Web sites, in particular the U.S. Geologi- 
cal Survey site. These items not only provide specific information but also serve as samples of 
graphics and tabulations available on the Internet, making the style of this book more variable 
than that of most textbooks. The majority of Web sites referenced in this book are maintained 
by government agencies and established organizations, and therefore should be accessible for 
many years to come. Several end-of-chapter problems throughout the book are based upon 
Internet exercises. 



1.7.2 U.S. Geological Survey Publications 

In the United States, a majority of the field measurements and investigations of groundwater 
have been conducted by the U.S. Geological Survey (USGS). Most work has been on a coop- 
erative basis with individual states. Results are published by the Survey as circulars, digital 
data series, fact sheets, hydrologic atlases, open-file reports, techniques of water-resources, 
water data reports, water-resources investigation reports, professional papers, and water-sup- 
ply papers. Table 1.7.1 describes the various types of U.S. Geological Survey reports, and 
Table 1.7.2 describes how to find and reference on-line USGS water resources reports. Since 
1935 records of groundwater measurements in key observation wells have been published in 
water-supply papers under the title Groundwater Levels in the United States. The U.S. Geo- 
logical Survey publishes at irregular intervals other papers on the geology and groundwater 
resources of local areas. Invariably, these intensive investigations concern areas containing 
important groundwater problems and are carried out in cooperation with local agencies. 
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Table 1.7.1 Types of U.S. Geological Survey Reports 



Circulars — Purpose: To present to general or scientific audiences short summaries or articles of short-term, popular, or local interest. 
Digital Data Series — The Digital Data Series encompasses a broad range of digital data, including computer programs, interpreted 
results of investigations, comprehensive reviewed databases, spatial data sets, digital images and animation, and multimedia presen- 
tations that are not intended for printed release. Scientific reports in this series cover a wide variety of subjects and facets of U.S. 
Geological Survey investigations and research that are of lasting scientific interest and value. Releases in the Digital Data Series 
offer access to scientific information that is available in digital form; the information is primarily for viewing, processing, and (or) 
analyzing by computer. 

Fact Sheets — Purpose: To describe Water Resources Division (WRD) programs, projects, products, and water-resources topics to 
either a general or professional audience. Water Fact Sheets are concise and timely publications that increase the understanding and 
visibility of WRD activities and accomplishments. 

Hydrologic Atlases — Purpose: To present reports on hydrology or geohydrology in map format to a wide range of hydrologically ori- 
ented audiences. 

Open-File Reports — Purpose: To make available (1) data reports, (2) reports preliminary findings that would be of interest to few 
persons other than the cooperating agency, (3) reports and maps pending publication elsewhere but requiring immediate release, and 
(4) timely information describing programs, projects, products, and water-resources topics. 

Professional Papers — Purpose: To present comprehensive or topical reports on any field in the earth sciences. This series is com- 
monly used for summaries of wide popular, scientific, or geographic interest, and for significant scientific contributions — generally 
on topics other than hydrology. 

Techniques of Water- Resources — Purpose: To present to technically oriented audiences reports on methods and techniques used in 
collecting, analyzing, and processing hydrologic data. 

Water Data Reports — A series of annual reports that document hydrologic data gathered from the U.S. Geological Survey’s and 
cooperating agencies’ surface and groundwater data-collection networks in each state, Puerto Rico, and Trust Territories. These 
records of streamflow, groundwater levels, and water quality provide the hydrologic information needed by state, local, and federal 
agencies, and the private sector for developing and managing our Nation’s land and water resources. 

Water-Resources Investigations Reports — Purpose: To (a) present to interdisciplinary audiences comprehensive or topical interpre- 
tive reports and maps that are mainly of local or short-term interest; (b) provide a medium of release for reports and maps that would 
not be feasible in any other series or journal or that would be published quickly. 

Water-Supply Papers — Purpose: To present significant interpretive results of hydrologic investigations of broader than local interests. 
Water Errata Sheets — Changes made to reports after publication. 

Source: http://water.usgs.gov/pub.html 



Table 1.7.2 How to Find and Reference Online USGS Water Resources Reports 



Many USGS reports on water resources topics are now being served online. You can access them by their series and number. For 
example, to see Circular 1 123, you should enter CIR 1 123 in the search box at the following URL: http://water.usgs.gov/pubs. 

Constructing a reference 

Use one of these prefixes for the report series, followed by the report number. Dashes and underlines are permitted (and ignored), but 



blanks are not allowed. Case is insensitive. 

Report Series 


Preferred Prefix 


Alternate Prefix(es) Allowed 


Fact Sheet 


FAC 


FS FACT FS_ 


Open-File Report 


OFR 


OF 


Water-Resources Investigation 


WRI 


WRWRIR 


Professional Paper 


PRO 


PROF PP 


Water-Data Report 


WDR 


WDDATA 


Circular 


CIR 


CIRC C 


Water-Supply Paper 


WSP 


WS 


Bulletin 


BUL 


BULL 


Techniques of Water-Resources Investigations 


TWRI 


TWRI 
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Table 1.7.2 (continued) How to Find and Reference Online USGS Water Resources Reports 

Referencing parts of a document 



Using only the series and number will reference the home page (index.html) of the document. You also can reference a specific part 
of a document in html format, even if it’s not on the home page. For example, to find the section named HRD4 in a file of Circular 
1123 called overview.html, use this URL: http://pubs.water.usgs.gov/cirl 123/overview.html#HDR4. This technique will work for any 
sub-page or figure of the html document. 

The “pubs.water.usgs.gov” reference is persistent! 

The USGS is committed to supporting this referencing system for the indefinite future. This means you can safely incorporate a 
“pubs.water.usgs.gov” reference in your Web pages and even in your printed documents and it will still work many years later. 

When viewing a document, your browser’s location may show you another URL that corresponds to the current physical location of 
the document. Do not use this physical location as a “persistent” reference! As our system grows, these locations will change but the 
“pubs.water.usgs.gov” reference will not. 

Source: http://water.usgs.gov/pubs/referencing.html 



1.7.3 Publications 



The following journals provide articles on various topics of groundwater: 

Environmental Science and Technology, American Chemical Society 
Ground Water, National Ground Water Association 
Groundwater Management, Water Well Journal Publishing Co. 

Ground Water Monitoring and Remediation, Groundwater Publishing Company 
Hydrological Science and Technology, American Institute of Hydrology 

Journal of the American Water Resources Association, American Water Resources 
Association 

Journal of Contaminant Hydrology, Elsevier Scientific Publishers 
Journal of Hydraulics, American Society of Civil Engineers 
Journal of Hydrology, Elsevier Scientific Publishers 

Journal of Water Resources Planning and Management, American Society of Civil Engineers 

There have been many books published on the subject of groundwater. Earlier books include 
References 4, 5, 7, 17, 19, 23, 26, 29-31, 40, 41, 43, 56, 58, 59, 61, 67, 70, 73, and 74. 

Over the past three decades there are several previous books that have been published on 
groundwater including Applied Hydrogeology 35 ; Aquifer Hydraulics 8 ; Contaminant Hydroge- 
ology 34 ; Groundwater 36 ; Ground Water Contamination: Transport and Remediation 14 ; 
Groundwater Engineering* 5 ', Groundwater Hydrology 16 ', Groundwater Hydrology 69 ', Ground- 
water Hydraulics and Pollutant Transport 10 ', Groundwater Mechanics 66 ; Groundwater Sci- 
ence 36 ; Groundwater Systems Planning and Management 11 ', The Handbook of Groundwater 
Engineering 27 ; Hydraulics of Groundwater 10 ; Manual of Applied Field Hydrogeology 16 ; Mod- 
eling Groundwater Flow and Pollution 11 ; Principles of Groundwater Engineering 75 ; and 
Quantitative Hydrogeology. 51 



1.8 DATA SOURCES 



Table 1.8.1 lists the principal types of data and data compilations that are required for the 
analysis of groundwater systems. The lists are for the physical framework, hydrologic budg- 
ets and stresses, and the chemical framework. One of the sources of data used frequently by 
groundwater hydrologists is the U.S. Geological Survey NWIS system. 
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Table 1.8.1 Principal Types of Data and Data Compilations Required for Analysis of Groundwater Systems 

Physical framework 

Topographic maps showing the stream drainage network, surface-water bodies, landforms, cultural features, and locations of struc- 
tures and activities related to water 
Geologic maps of surficial deposits and bedrock 

Hydrogeologic maps showing extent and boundaries of aquifers and confining units 
Maps of tops and bottoms of aquifers and confining units 
Saturated-thickness maps of unconfined (water-table) and confined aquifers 

Average hydraulic conductivity maps for aquifers and confining units and transmissivity maps for aquifers 
Maps showing variations in storage coefficient for aquifers 
Estimates of age of groundwater at selected locations in aquifers 

Hydrologic budgets and stresses 

Precipitation data 
Evaporation data 

Streamflow data, including measurements of gain and loss of streamflow between gaging stations 

Maps of the stream drainage network showing extent of normally perennial flow, normally dry channels, and normally seasonal flow 

Estimates of total groundwater discharge to streams 

Measurements of spring discharge 

Measurements of surface-water diversions and return flows 

Quantities and locations of interbasin diversions 

History and spatial distribution of pumping rates in aquifers 

Amount of groundwater consumed for each type of use and spatial distribution of return flows 
Well hydrographs and historical head (water-level) maps for aquifers 

Location of recharge areas (areal recharge from precipitation, losing streams, irrigated areas, recharge basins and recharge wells), 
and estimates of recharge 

Chemical framework 

Geochemical characteristics of earth materials and naturally occurring groundwater in aquifers and confining units 
Spatial distribution of water quality in aquifers, both areally and with depth 

Temporal changes in water quality, particularly for contaminated or potentially vulnerable unconfined aquifers 
Sources and types of potential contaminants 

Chemical characteristics of artificially introduced waters or waste liquids 
Maps of land cover/land use at different scales, depending on study needs 

Streamflow quality (water-quality sampling in space and time), particularly during periods of low flow 
Source: Alley et al . 3 

1.8.1 NWISWeb Data for the Nation 

The U.S. Geological Survey is the principal federal water data agency in the United States. The 
USGS collects and disseminates about 70 percent of the water data currently being used by 
numerous state, local, private, and other federal agencies to develop and manage water 
resources. The National WATer Data STOrage and REtrieval System (WATSTORE) was estab- 
lished in 1972 to provide an effective and efficient means for the processing and maintenance 
of water data collected through the USGS and to facilitate release of the data to the public. In 
1976, the USGS opened WATSTORE to the public for direct access. 

The U.S.G.S. National Water Information System (NWIS) has replaced WATSTORE and 
is referred to as NWISWeb (http://waterdata.usgs.gov/nwis). NWIS is a very large collection of 
data and information on the water resources of the United States. This database contains current 
and historical water data from more than 1.5 million locations across the nation. The data cate- 
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gories are real-time data, site information, surface water data, groundwater data, and water qual- 
ity. Real-time data includes data transmitted from selected groundwater sites. Site information 
includes descriptive site information, including latitude, longitude, well depth, aquifer, and site 
use. The groundwater database includes groundwater site inventory, groundwater level data, and 
water-quality data. The groundwater site inventory consists of more than 850,000 records of 
wells, springs, test holes, tunnels, drains, and excavations in the United States. The groundwater 
data can be obtained at http://waterdata.usgs.gov/nwis/gw. 



1.8.2 Real-Time Data 



Real-time groundwater data include data that are automatically collected, transmitted, and made 
available to the public at least once a day according to the U.S.G.S. (Fact Sheet 090-01, Decem- 
ber 2001). These data can be transmitted by land-lined telephone, cellular telephone, land- 
based radio frequency (RF) technology, satellite telemetry, or a combination of these 
technologies. Within the U.S.G.S., satellite telemetry is the most common method for real-time 
data transmission. Water levels are the most common data transmitted in real time by the USGS. 
Figure 1.8.1 illustrates a real-time data collection and transmission system. With this method, 
water-level data are recorded by a data-collection platform (DCP) (see Figure 1.8.2) and trans- 
mitted, often on a four-hour schedule, by satellite telemetry to a U.S.G.S. ground station. The 
data are then displayed at http://water.usgs.gov/nwis/gw. 

Real-time data have many inherent advantages over data collected and distributed by tra- 
ditional means, including timeliness, data quality, data availability, and cost. Additional infor- 
mation on real-time groundwater data can be obtained at http://water.usgs.gov/nwis/gw or 
from the following address: Office of Groundwater, U.S. Geological Survey, 411 National 
Center, 12201 Sunrise Valley Drive, Reston, Virginia 20192, 703-648-5001. 
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Figure 1,8.1. Real-time data collection and transmission system. 25 
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PROBLEMS 

1.6.1 Using the data for Lake Five-0 in Table 1.6.1, show that the 
net groundwater flow for December 1989 is -4,600 cubic meters. 

1.6.2 Using the data for Lake Five-0 in Table 1.6.1, show that the 
net groundwater flow for December 1990 is -28,500 cubic meters. 

1.6.3 Determine cumulative net groundwater flow for Lake Five- 
O during 1989. 

1.6.4 Determine cumulative net groundwater flow for Lake Five- 
O during 1990. 

1.7.1 Perform a search of the U.S. Geological Survey online pub- 
lications (including circulars, fact sheets, open-file reports, pro- 
fessional papers, water-resources investigation reports, and water 
supply papers) to determine what studies, if any, have been per- 
formed on the regional aquifer system closest to where you live. 

1.7.2 Develop an inventory of wells in the county where you live 
using the USGS data sources for your state. Select a well that has 
a time history of water levels and print the hydrograph. 



1.7.3 Perform a search of U.S.G.S. publications for the topic 
“hydrologic budget and water budget.” To perform the search, go 
to http://usgs-georef.cos.com. How many publications are listed? 

1.7.4 Perform a search of U.S.G.S. publications for the High 
Plains Aquifer. To perform the search, go to http://usgs-geo 
ref.cos.com. How many publications are listed? 

1.7.5 Perform a search of U.S.G.S. publications for the Edwards 
Aquifer. To perform the search, go to http://usgs-georef.cos.com. 
How many publications are listed? 

1.7.6 Perform a search of U.S.G.S. publications for the topic of 
karst terrains. To perform the search go to http ://usgs -geo 
ref.cos.com. How many publications are listed? 

1.7.7 Go to the site http://water.usgs.gov/software and obtain a 
list of the groundwater software that the U.S.G.S. has available. 

1.7.8 Write a description of the U.S.G.S. Ground- Water Resources 
Program. Use the site http://water.usgs.gov/ogw/GWRP.html. 
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Chapter 2 



Occurrence of Groundwater 



To describe the occurrence of groundwater necessitates a review of where and how ground- 
water exists; subsurface distribution, in both vertical and areal extents, needs to be considered. 
The geologic zones important to groundwater must be identified, as well as their structure in 
terms of water-holding and water-yielding capabilities. If hydrologic conditions furnish water 
to the underground zone, the subsurface strata govern its distribution and movement; hence the 
important role of geology in groundwater hydrology cannot be overemphasized. Springs, 
hydrothermal phenomena, and water in permanently frozen ground constitute special ground- 
water occurrences. 



2.1 ORIGIN AND AGE OF GROUNDWATER 

Almost all groundwater can be thought of as a part of the hydrologic cycle, including surface 
and atmospheric (meteoric) waters. Relatively minor amounts of groundwater may enter this 
cycle from other origins. 

Water that has been out of contact with the atmosphere for at least an appreciable part of 
a geologic period is termed connate water; essentially, it consists of fossil interstitial water that 
has migrated from its original burial location. 62 This water may have been derived from 
oceanic or freshwater sources and, typically, is highly mineralized. 20 Magmatic water is water 
derived from magma; where the separation is deep, the term plutonic water is applied, while 
volcanic water designates water from relatively shallow depths (perhaps 3 to 5 km). 61 New 
water of magmatic or cosmic origin that has not previously been a part of the hydrosphere is 
referred to as juvenile water. And finally, metamorphic water is water that is or has been asso- 
ciated with rocks during their metamorphism. The diagram in Figure 2.1.1 illustrates the inter- 
relations of these genetic types of groundwater. 

The residence time of water underground has always been a topic of considerable specu- 
lation. But with the advent of radioisotopes, determinations of the age of groundwater have 
become possible. Hydrogen-3 (tritium) and carbon- 14 are the two isotopes that have proved 
most useful. Tritium with a half-life of 12.33 years is produced in the upper atmosphere by 
cosmic radiation; carried to earth by rainfall and hence underground, this natural level of tri- 
tium begins to decay as a function of time, such that 

A=A 0 e~ h (2.1.1) 

where A is the observed radioactivity, A 0 is the activity at the time the water entered the aquifer, 
X is the decay constant, and t is the age of the water. Carbon-14 has a half-life of 5,730 years 
and is also produced at an established constant level in the atmosphere. This isotope is present 
in groundwater as dissolved bicarbonate originating from the biologically active layers of the 
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Figure 2.1.1. Diagram illustrating relationships of genetic types of water 62 (courtesy The Geological 
Society of America, 1957). 



soil where C0 2 is generated by root respiration and the decay of humus. 5 ' ° 6 Tritium is appli- 
cable for estimating groundwater residence times of up to 50 years, while carbon- 14 spans the 
age bracket of a several hundred to about 50,000 years. 

Applications of the age-dating techniques have revealed groundwaters ranging in age 
from a few years or less to many thousand years.* Measurements of water samples taken from 
deep wells in deserts of the United Arab Republic and Saudi Arabia indicate ages of 20,000 to 
30,000 years. 35 This period is compatible with the Wisconsin ice age, when these desert areas 
last possessed a high rainfall capable of recharging the underlying major aquifers. 



2.2 ROCK PROPERTIES AFFECTING GROUNDWATER 
2.2.1 Aquifers 

Groundwater occurs in many types of geologic formations; those known as aquifers are of 
most importance. An aquifer may be defined as a formation that contains sufficient saturated 
permeable material to yield significant quantities of water to wells and springs. 35 This implies 
an ability to store and to transmit water; unconsolidated sands and gravels are a typical exam- 
ple. Furthermore, it is generally understood that an aquifer includes the unsaturated portion of 
the permeable unit. Synonyms frequently employed include groundwater reservoir and water- 
bearing formation. Aquifers are generally areally extensive and may be overlain or underlain 



*The fallout of bomb tritium and C-14 in precipitation since the advent of nuclear weapon testing in 1952 has 
greatly complicated much of the dating of groundwater because recent levels greatly exceed the prebomb level. 
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by a confining bed, which may be defined as a relatively impermeable material stratigraphi- 
cally adjacent to one or more aquifers. Clearly, there are various types of confining beds; the 
following types are well established in the literature: 

1. Aquiclude — A saturated but relatively impermeable material that does not yield apprecia- 
ble quantities of water to wells; clay is an example. 

2. Aquifuge — A relatively impermeable formation neither containing nor transmitting water; 
solid granite belongs in this category. 

3. Aquitard — A saturated but poorly permeable stratum that impedes groundwater movement 
and does not yield water freely to wells, that may transmit appreciable water to or from 
adjacent aquifers and, where sufficiently thick, may constitute an important groundwater 
storage zone; sandy clay is an example. 45 * 



2.2.2 Porosity 

Those portions of a rock or soil not occupied by solid mineral matter can be occupied by 
groundwater. These spaces are known as voids, interstices, pores, or pore space. Because inter- 
stices serve as water conduits, they are of fundamental importance to the study of groundwater. 
Typically, they are characterized by their size, shape, irregularity, and distribution. Original 
interstices were created by geologic processes governing the origin of the geologic formation 
and are found in sedimentary and igneous rocks. Secondary interstices developed after the rock 
was formed; examples include joints, fractures, solution openings, and openings formed by 
plants and animals. With respect to size, interstices may be classed as capillary, supercapillary, 
and subcapillary. Capillary interstices are sufficiently small that surface tension forces will hold 
water within them; supercapillary interstices are those larger than capillary ones; and subcapil- 
lary interstices are so small that water is held primarily by adhesive forces. Depending on the 
connection of interstices with others, they may be classed as communicating or isolated. 

The porosity of a rock or soil is a measure of the contained interstices or voids expressed 
as the ratio of the volume of interstices to the total volume. If a is the porosity, then 

V V - V 

a = — = — — s - (2.2.1) 

V v t 

where V v is the volume of interstices (voids), V s is the volume of solids, and V is the total vol- 
ume (bulk volume). Porosity may also be expressed by 

a = Pm Pd = 1 - — (2.2.2) 

Pm Pm 

where p m is the density of mineral particles (grain density)* and p d is the bulk density. 

The term effective porosity refers to the amount of interconnected pore space available for 
fluid flow and is expressed as a ratio of interconnected interstices to total volume. For uncon- 
solidated porous media and for many consolidated rocks, the two porosities are identical. 
Porosity may also be expressed as a percentage by multiplying the right-hand side of Equa- 
tions 2.2. 1 or 2.2.2 by 100. The terms primary and secondary porosity are associated with orig- 
inal and secondary interstices, respectively. 



*The word aquifer can be traced to its Latin origin. Aqui- is a combining form of aqua (“water”) and -fer comes 
from ferre (“to bear”). Hence, an aquifer is a water-bearer. The suffix -elude of aquiclude is derived from the Latin 
claudere (“to shut or close”). Similarly, the suffix -fuge of aquifuge comes from fugere (“to drive away”), while the 
suffix -tard of aquitard follows from the Latin tardus (“slow”). 

f The density of solid rock varies with the type of mineral. For alluvium where quartz is the predominant mineral, a 
value of 2.65 g/cm 3 is typical; limestone and granite fall in the range 2. 7-2.8 g/cm 3 , and basalt can approach 3.0 g/cm 3 . 
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Figure 2.2.1. Examples of rock interstices and the relation of rock texture to porosity, (a) Well-sorted 
sedimentary deposit having high porosity. ( b ) Poorly sorted sedimentary deposit having low porosity, 
(c) Well-sorted sedimentary deposit consisting of pebbles that are themselves porous, so that the 
deposit as a whole has a very high porosity. ( d) Well-sorted sedimentary deposit whose porosity has 
been diminished by the deposition of mineral matter in the interstices. ( e ) Rock rendered porous by 
solution, if) Rock rendered porous by fracturing. 42 



Figure 2.2.1 shows several types of interstices and their relation to porosity. In terms of 
groundwater supply, granular sedimentary deposits are of major importance. Porosities in 
these deposits depend on the shape and arrangement of individual particles, distribution by 
size, and degree of cementation and compaction. In consolidated formations, removal of min- 
eral matter by solution and degree of fracture axe also important. Porosities range from near 
zero to more than 50 percent, depending on the above factors and the type of material. Repre- 
sentative porosity values for various geologic materials are listed in Table 2.2.1. It should be 
recognized that porosities for a particular soil or rock can vary considerably from these values. 

In sedimentary rocks subject to compaction, measurements show that porosity decreases 
with depth of burial. 37 Thus, a typical relation has the form 

(2.2.3) 



Table 2.2.1 Representative Values of Porosity (after Morris and Johnson 45 ) 



Material 


Porosity, percent 


Material 


Porosity, percent 


Gravel, coarse 


28 a 


Loess 


49 


Gravel, medium 


32 a 


Peat 


92 


Gravel, fine 


34 a 


Schist 


38 


Sand, coarse 


39 


Siltstone 


35 


Sand, medium 


39 


Claystone 


43 


Sand, fine 


43 


Shale 


6 


Silt 


46 


Till, predominantly silt 


34 


Clay 


42 


Till, predominantly sand 


31 


Sandstone, fine grained 


33 


Tuff 


41 


Sandstone, medium grained 


37 


Basalt 


17 


Limestone 


30 


Gabbro, weathered 


43 


Dolomite 


26 


Granite, weathered 


45 


Dune sand 


45 







a These values are for repacked samples; all others are undisturbed. 









EXAMPLE 2.2.1 



SOLUTION: 
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where a., is the porosity at depth z, oc 0 is the porosity at the surface, a is a constant, and e is the 
base of Naperian logarithms. 



An undisturbed sample of a medium sand weighs 484.68 g. The core of the undisturbed sample is 6 cm 
in diameter and. 10.61 cm high. The sample is oven-dried for 24 hr at 1 10°C to remove the water content. 
At the end of the 24 hr, the core sample weighs 447.32 g. Determine the bulk density, void ratio, water 
content, porosity, and saturation percentage of the sample. 



The dry weight of the sample is W d = 447.32 g and the total weight is W T = 484.68 g. The total volume 
of the undisturbed sample is 

V, = nrh = 71(3 cm) 2 ( 10.61 cm) = 300 cm 3 

The bulk density is defined as the density of solids and voids together, after drying. Thus, 

W d 447.32 g 



P d=- 



V t 300 cnf 



= 1 .49 1 g/cm 



Assuming quartz is the predominant mineral in the sample, then p,„ = 2.65 g/cm 3 
Thus, the volume V s of the solid phase of the sample is 



V=-*- = 



W d 447.32 g 



= 168.8 cnr 



p m 2.65 g/cm" 

Thus, the total volume of voids in the sample is 

V v = V,-V s = 300 cm 3 - 168.8 cm 3 =131.2 cm 3 

With this information, we can calculate the void ratio e of the sample is 

V v 131.2 cm 3 ____ 

e = — = =- = 0.777 

V s 168.8 cm 3 

The volumetric water content of a sample is the volume of the water divided by the volume of the sample 



0„ = 



KvateL _ ( w r W d )/ p wat er _ 484.68 g 447.32 g f lg ! cm 3 = 0 1245 g/cm 3 = Q 12 5 



V, 



V, 



300 cm 



where W w is the total weight of the undisturbed sample before drying. 
The gravimetric water content of the sample is 



0 = 



..W r -Wrf 



W, 



xl00 = 



484.68 g- 447.32 g 
447.32 g 



x 100 = 8.35% 



The porosity of the sample is 



v;-v s 

a = 5 



Vi 



L xl00 = 



300 cm 3 -168.8 cm 3 
300 cm 3 



x 100 = 43.73% 



Finally, the saturation percentage of a sample is defined as the percentage of the pore space that is filled 
by water, 



40 Chapter 2 Occurrence of Groundwater 



EXAMPLE 2.2.2 
SOLUTION 



The void ratio of an unconsolidated clay sample is 1. 19. Determine the porosity of the sample. 



V 

Using the definition of the void ratio of an undisturbed sample, e = — , and substituting V v = V. - V r . 
y_y y y V s 

then the void ratio is e = — - = — -l-» — = l + e. 

K V r V r 



Substituting this into the porosity equation, we obtain 



V -V 

a = — — -xl00 = 
V. 





xl00 = 


1 — — 


V :\ 




l + e_ 



xl00 = xlOO 

l + e 



Thus, the porosity of the sample is 



e 1 19 

a = x 100 = — — — x 100 = 54.34% 

l + e 1 + 1.19 



EXAMPLE 2.2.3 
SOLUTION 



The porosity of a quartz sand sample is 38.41%. Determine the bulk density of the sample. 

w, V -V 

The bulk density and porosity of an undisturbed sample are defined as p d = -4- and a = — x 100 , 

respectively. ^ ' 

Substituting the dry weight of a sample W d = p m V s into the bulk density expression, we have 
W, p V 

p d = — = Lin - L and the porosity is 



a = 



V.-V. 



V, 



xl00 = 



V, 



V a 
xl00-+ — = 1-— - 
V, 100 



Using the bulk density expression then yields p d = 



PrnYs 

V. 



1- 



a 

100 



For quartz sand, p m = 2.65 g/cm 3 , the bulk density is 



P d P/i 



1 - — 
100 



= ^2.65 g/cm 3 j 



38.41 



100 



= 1.63 g/cm 3 



2.2.3 Soil Classification 

Unconsolidated geologic materials are normally classified according to their size and distri- 
bution. A commonly employed system based on particle, or grain, size is listed in Table 2.2.2. 
Evaluation of the distribution of sizes is accomplished by mechanical analysis. This involves 
sieving particles coarser than 0.05 mm and measuring rates of settlement for smaller particles 
in suspension. Results are plotted on a particle-size distribution graph such as that shown in 
Figure 2.2.2. The percentage finer scale on the ordinate shows the percentage of material 
smaller than that of a given size particle on a dry- weight basis. 

The effective particle size is the 10 percent finer than value (d lQ ). The distribution of par- 
ticles is characterized by the uniformity coefficient U c as 

t/ c = 4Mo (2-2.4) 

where d 60 is the 60 percent finer than value. A uniform material has a low uniformity coeffi- 
cient (the dune sand in Figure 2.2.2), while a well-graded material has a high uniformity coef- 
ficient (the alluvium). 
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Table 2.2.2 Soil Classification Based on Particle 
Size (after Morris and Johnson 45 ) 



Material 


Particle size, mm 


Clay 


<0.004 


Silt 


0.004-0.062 


Very fine sand 


0.062-0.125 


Fine sand 


0.125-0.25 


Medium sand 


0.25-0.5 


Coarse sand 


0.5 -1.0 


Very coarse sand 


1.0 -2.0 


Very fine gravel 


2.0 -4.0 


Fine gravel 


4^ 

O 

1 

GO 

O 


Medium gravel 


8.0-16.0 


Coarse gravel 


16.0-32.0 


Very coarse gravel 


32.0-64.0 




Figure 2.2.2. Particle-size distribution graph for three geologic samples (data from U.S. Geological 
Survey). 



The texture of a soil is defined by the relative proportions of sand, silt, and clay present in 
the particle-size analysis. This can be expressed by the soil-textural triangle in Figure 2.2.3. 
Note, for example, that a soil composed of 30 percent clay, 60 percent silt, and 10 percent sand 
constitutes a silty clay loam. 

2.2.4 Porosity and Representative Elementary Volume 

We can define porosity in a spatial field as a function, a(jt), at any point x using spatial averag- 
ing over a representative elementary volume (REV). Consider a porous medium with different 
sizes of averaging volumes, V *, centered at point x. The point value of porosity (volumetric 
porosity) is associated with an averaging volume centered at that point, expressed as 14 

«(*) = —[ X(x-y)dy 



(2.2.4) 
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Figure 2.2.3. Triangle of soil textures for describing various combinations of sand, silt, and clay 
(after Soil Survey Staff 50 ). 

where X(x) is an indicator function for void space: X(x) = 0 if points is located in the solid 
space or X(x) = 1 if point x is located in the void space. V * is the averaging volume centered 
on the point x, with the estimated porosity value as a function of averaging volume size. If the 
volume is too small, the average value is not well defined and the limit approaches either 0 or 
1. There may be a range of volumes surrounding points for which the average is well defined, 
and if the averaging volume is too large, then soils with different textures may be included, 
resulting in a deviation from the average. 



2.2.5 Specific Surface 

The water retentive property of a soil or rock is markedly influenced by its surface area. This area 
depends on particle size and shape and on the type of clay minerals present. The term specific 
surface refers to the area per unit weight of the material, usually expressed as m 2 /g. Relative 
methods for measuring specific surface are based on retention of a polar organic molecule such 
as ethylene glycol; these have been related to absolute values derived from statistical calculations 
of surface area. 6 Clay particles contribute the greatest amount of surface area in unconsolidated 
formations. Nonswelling clays such as kaolinite have only an external surface and exhibit spe- 
cific surfaces in the range of 10-30 m 2 /g; however, swelling clays such as montmorillonite and 
vermiculite have internal and external surfaces that yield specific surface values near 800 m 2 /g. 

An illustration of the importance of particle size to specific surface is presented in Table 
2.2.3. Here, considering only uniform spheres, it can be seen that when a given volume is 
transformed into 100 small spheres totaling the same volume, the specific surface increases by 
a factor of 100. Furthermore, it can be shown that when the volume is deformed into rod, disk, 
or plate shapes, specific surface increases even more. 4 
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Table 2.2.3 Relation of Surface Area to Particle Size for Uniform Spheres 



Diameter of 
particle, mm 


Soil 

classification 


Number of 
particles per cm 3 


Total surface 
area, cm 2 


10 


Medium gravel 


1 


3.14 


1 


Coarse sand 


1 x 10 3 


31.4 


0.1 


Very fine sand 


1 x 10 6 


314 


0.02 


Silt 


1.25 x 10 8 


1,570 


0.002 


Clay 


1.25 x 10 11 


15,700 



Note: Rectangular packing is assumed in a cubic container 1 cm on a side so that 
the total volume, and weight, of spheres remains constant at k/6 cm 3 . 



EXAMPLE 2.2.4 



SOLUTION 



Using the tabulated results of a grain size distribution test on a field sample, perform the following tasks: 

(a) Prepare a grain size distribution curve for this sample. 

(b) Is this a well-graded or poorly graded sample? 

(c) Classify the sample using Table 2.2.2. 

(d) What would be reasonable porosity values for this sample? 



U.S. Standard Sieve Number 


Mass retained (g) 


3/8 


49.95 


4 


26.70 


8 


25.29 


16 


50.58 


30 


72.57 


40 


25.50 


100 


33.60 


200 


7.53 


Pan (passes through #200 sieve) 


8.28 


Total sample weight 


300.00 



(a) The given data are analyzed as shown in the table below. Note that the particle size (sieve opening) 
corresponding to each U.S. Standard Sieve number is given in the table. The results yield the grain- 
size distribution curve shown in Figure 2.2.4. 



Sieve 


Grain size (mm) 


Mass retained (g) 


Percent finer by mass 


3/8 


9.5 


49.95 


83.35 


4 


4.75 


26.70 


74.45 


8 


2.36 


25.29 


66.02 


16 


1.18 


50.58 


49.16 


30 


0.6 


72.57 


24.97 


40 


0.425 


25.50 


16.47 


100 


0.15 


33.60 


5.27 


200 


0.075 


7.53 


2.76 


Pan 


<0.075 


8.28 




sample weight 


300 
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KXAMl'I.F. 2,2.5 




Particle size, mm 



Figure 2.2.4. 
Grain-size distribu- 
tion curve for 
Example 2.2.4. 



(b) From the grain-size distribution curve: 

ri 60 - 1.6 mm and d, 0 = 0.23mm 
From Equation 2.2.4, the uniformity coefficient is 

U — ^60 _ 16 Q™ - 7 

d lQ 0.23 mm 

Since U c > 6, the sample can be described as well graded (i.e., low uniformity), 

(c) The percentage of clay and silt in the sample is approximately 2-3 percent, while about 60 percent 
of the sample is sand. The remaining 37-38 percent is composed of very fine to coarse gravel. 

(d) The porosity of the sample could be somewhere between 20 and 35 percent based on our classifica- 
tion in part (c). ■ 



The following data are obtained from a hydrometer test to determine the gradation of a sample of fine 
sediments. 

(a) Prepare a grain size distribution curve for this sample. 

(b) Is this a well-graded or poorly graded sample? 

(c) Classify the sample using Table 2.2.2. 

(d) What would be reasonable porosity values for this sample? 



grain size (mm) 


Percent finer than 


1.000 


100.00 


0.700 


98.90 


0.500 


88.50 


0.350 


49.40 


0.250 


10.30 


0.175 


0.90 


0.125 


0.00 


0.088 


0.00 


0.0625 


0.00 



2.3 



SOLUTION 



(a) Using the given data, the grain size distribution curve is plotted for this sample in Figure 2.2.5. 





Percent finer 
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Particle size, mm 



Figure 2.2.5. Grain- 
size distribution curve 
for Example 2.2.5. 



(b) From Figure 2-2.5 ,d 60 = 0.36 mm and d ]0 = 0.25 mm, the uniformity coefficient is given by Equa- 
tion 2.2.4: 



u = 4j0 _ 0-36 nun , [M 
c d l0 0.25 mm 

Since U c < 4, the sample can be classified as poorly graded (i.e., highly uniform). 

(c) From the given data and the soil classifications of Table 2.2.2, the sample consists of 1 1.5 percent 
coarse sand, 78.2 percent medium sand, and 10.3 percent fine sand. Thus, the sample can be classi- 
fied as a medium sand with some proportions of coarse and fine sand. 

(d) Based on the classification in part (c), the porosity of the sample would be in the range of 35 to 45 

percent. ■ 



2.3 VERTICAL DISTRIBUTION OF GROUNDWATER 

The subsurface occurrence of groundwater may be divided into zones of aeration and satura- 
tion. The zone of aeration consists of interstices occupied partially by water and partially by 
air. In the zone of saturation, all interstices are filled with water under hydrostatic pressure. On 
most of the land masses of the earth, a single zone of aeration overlies a single zone of satu- 
ration and extends upward to the ground surface, as shown in Figure 2.3.1. 

In the zone of aeration, vadose water* occurs. This general zone may be further subdi- 
vided into the soil water zone, the intermediate vadose zone, and the capillary zone (Fig- 
ure 2.3.1). 14 

The saturated zone extends from the upper surface of saturation down to underlying 
impermeable rock. In the absence of overlying impermeable strata, the water table, or phreatic 
surfaced forms the upper surface of the zone of saturation. This is defined as the surface of 
atmospheric pressure and appears as the level at which water stands in a well penetrating the 
aquifer. Actually, saturation extends slightly above the water table due to capillary attraction; 
however, water is held there at less than atmospheric pressure. Water occurring in the zone of 
saturation is commonly referred to simply as groundwater, but the term phreatic water is also 
employed. 



* Vadose is derived from the Latin vadosus (“shallow”). 
'Phreatic is derived from the Greek phrear, -atos (“a well”). 
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Ground surface 



Soil-water 

zone 



Immediate 

vadose 

zone 



Capillary 

zone 

* 



Water table 



i- j2 
CD rt 

aj 5 
5 o 
c c5 

D 0> 

2 -c 
O °- 



Impermeable rock 



Figure 2.3.1. Divisions of subsurface water. 



2.4 ZONE OF AERATION 

2.4.1 Soil-Water Zone 

Water in the soil-water zone exists at less than saturation except temporarily when excessive 
water reaches the ground surface as from rainfall or irrigation. The zone extends from the 
ground surface down through the major root zone. Its thickness varies with soil type and vege- 
tation. Because of the agricultural importance of soil water in supplying moisture to roots, agri- 
culturists and soil scientists have studied soil moisture distribution and movement extensively. 

The amount of water present in the soil-water zone depends primarily on the recent expo- 
sure of the soil to moisture. Under hot, arid conditions, a water-vapor equilibrium tends to 
become established between the ambient air and the surfaces of fine-grained soil particles. As 
a result, only thin films of moisture — known as hygroscopic water — remain adsorbed on the 
surfaces. For coarse-grained materials and where additional moisture is available, water also 
forms liquid rings surrounding contacts between grains, as sketched in Figure 2.4.1. This 
water is held by surface tension forces and is sometimes referred to as capillary water. Tem- 
porarily, the soil-water zone may contain water in excess of capillary water from rainfall or 
irrigation; this gravitational water drains through the soil under the influence of gravity. 

2.4.2 Intermediate Vadose Zone 

The intermediate vadose zone extends from the lower edge of the soil-water zone to the upper 
limit of the capillary zone (Figure 2.3.1). The thickness may vary from zero, where the bound- 
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Figure 2.4.1. Illustration of vadose water held at 
contact points of particles in the unsaturated 
zone. 



ing zones merge with a high water table approaching ground surface, to more than 100 m 
under deep water table conditions. The zone serves primarily as a region connecting the zone 
near ground surface with that near the water table through which water moving vertically 
downward must pass. Nonmoving vadose water is held in place by hygroscopic and capillary 
forces. Temporary excesses of water migrate downward as gravitational water. 



2.4.3 Capillary Zone 

The capillary zone (or capillary fringe) extends from the water table up to the limit of capil- 
lary rise of water. If a pore space could be idealized to represent a capillary tube, the capillary 
rise h c (Figure 2.4.2) can be derived from an equilibrium between surface tension of water and 
the weight of water raised. Thus, 



h c = —cos A, 

or 



(2.4.1) 



where x is surface tension, yis the specific weight of water, r is the tube radius, and A is the angle 
of contact between the meniscus and the wall of the tube. For pure water in a clean glass, A = 0, 
and at 20° C, x = 0.074 g/cm and y = 1 g/cm 3 , so that for r in cm, the capillary rise (in cm) is 



K = 



0.15 

r 



(2.4.2) 



It follows from Equation 2.4.2 that the thickness of the capillary zone will vary inversely 
with the pore size of a soil or rock. Measurements of capillary rise in unconsolidated materi- 
als shown in Table 2.4.1 bear out this relationship. Furthermore, for a material containing 
innumerable pores of a wide range in size, the upper boundary of the zone will form a jagged 
limit when studied microscopically. Taken macroscopically, however, a gradual decrease in 
water content results with height. That is, just above the water table almost all pores contain 
capillary water; higher, only the smaller connected pores contain water; and still higher, only 
the few smallest connected pores contain water lifted above the water table. This distribution 
of water above the water table is shown in Figure 2.4.3 from a drainage test on a sand. The 
visual capillary rise is invariably less than the actual capillary zone as defined in Figure 2.4.3. 
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Figure 2.4.2. Rise of 
water in a capillary tube. 




0 10 20 30 40 

Percent moisture 
content by volume 



Figure 2.4.3. Distribution 
of water in a coarse sand 
above the water table after 
drainage (after Prill 47 ). 



EXAMPLE 2.4.1 



Table 2.4.1 Capillary Rise in Samples of Unconsolidated Materials (after Lohman 34 ) 



Material 


Grain size (mm) 


Capillary rise (cm) 


Fine gravel 


5-2 


2.5 


Very coarse sand 


2-1 


6.5 


Coarse sand 


1-0.5 


13.5 


Medium sand 


0.5-0.2 


24.6 


Fine sand 


0.2-0. 1 


42.8 


Silt 


0.1-0.05 


105.5 


Silt 


0.05-0.02 


200* 



Note; Capillary rise measured after 72 days; all samples have virtually the same porosity 
of 41 percent. 

a Still rising after 72 days, 



Assuming uniform spherical grains of cubic packing, approximate the capillary rise in a soil as a function 
of the grain diameter. Using this relationship, estimate the capillary rise for each material in Table 2.4.1. 



SOLUTION The accompanying figure shows a typical arrangement of cubical packing with spherical grains of equal 

diameter. It can be shown, using geometry, that the radius of the pore space between the grains is 0.2 
times the grain diameter. 




Assuming that this pore space could be idealized to represent a capillary tube, r - 0.20D can be 

_ . , . ^ , 0.15 0.15 3 

substituted into Equation 2.4,2 yielding h„ = = — 

c r 0.20 D 4 D 
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Material 


Grain size (mm) 


Estimated capillary 
rise (cm) 


Actual capillary 
rise (cm) 


Fine gravel 


5-2 


1.5-3.75 


2.5 


Very coarse sand 


2-1 


3.75-7.5 


6.5 


Coarse sand 


1-0.5 


7.5-15 


13.5 


Medium sand 


0.5-0.2 


15-37.5 


24.6 


Fine sand 


0.2-0. 1 


37.5-75 


42.8 


Silt 


0.1-0.05 


75-150 


105.5 


Silt 


0.05-0.02 


150-375 


200 



2.4.4 Measurement of Water Content 

Determination of the water content of soils can be accomplished by various direct methods 
based on removal of the water from a sample by evaporation, leaching, or chemical reaction, 
followed by measurement of the amount removed. 1, 24 Thus, the gravimetric method involves 
weighing a wet soil sample, removing the water by oven-drying it, and reweighing the sample. 
Indirect methods consist of measuring some soil property affected by soil- water content. 
Specifically, electrical and thermal conductivity and electrical capacitance of porous materials 
vary with water content. 

Another useful instrument for measuring soil moisture is the neutron probe. When low- 
ered in a small-diameter tube in the ground, determination of soil moisture can be made as a 
function of depth. The instrument contains a radium-beryllium source of fast neutrons and a 
detector for slow neutrons. The fast neutrons are slowed by collisions with hydrogen, and 
because most of the hydrogen in soil is associated with water, the intensity of slow neutrons 
measured yields, after calibration, the local soil moisture content. 6 

Within the vadose zone a negative-pressure head of water exists, often referred to as suc- 
tion, or tension in a positive sense. This tension can be measured by a tensiometer; Figure 2.4.4 
shows a tensiometer installed in a soil column. The depression Ah in water level measures the 
local soil tension. Such instruments function in the range from atmospheric pressure (near 
1,000 cm of water) to about 200 cm of water (800 cm water tension). Calibration data for soil 
suction and water content reveal that the relation between the two variables is not single valued; 
instead, soil structure and compaction, as well as effects of wetting or drying, influence the 
results. 6 




Figure 2.4.4. Illustration of a 
tensiometer for measuring water 
tension in unsaturated porous 
media. 
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2.4.5 Available Water 



Soils absorb and retain water, which may be withdrawn by plants during periods between rain- 
fall or irrigations. This water-holding capacity is defined by the available water, which is the 
range of plant-available water, the moist end being the field capacity and the dry end the wilting 
point. Field capacity can be defined as the amount of water held in a soil after wetting and after 
subsequent drainage has become negligibly small. The negligible drainage rate is often assumed 
after two days; however, different soils possess varying drainage rates so that quantitative values 
may not be comparable. The wilting point defines the water content of soils when plants grow- 
ing in that soil are reduced to a permanent wilted condition. Because factors such as soil type, 
volume, plant type, and age influence wilting point, this moisture content can also be variable. 



2.5 ZONE OF SATURATION 

In the zone of saturation, groundwater fills all of the interstices; hence, the (effective) poros- 
ity provides a direct measure of the water contained per unit volume. A portion of the water can 
be removed from subsurface strata by drainage or by pumping of a well; however, molecular 
and surface tension forces hold the remainder of the water in place. 



2.5.1 Specific Retention 



The specific retention S r of a soil or rock is the ratio of the volume of water it will retain after 
saturation against the force of gravity to its own volume. Thus, 



w 

S r = ^ 
V, 



(2.5.1) 

where w r is the volume occupied by retained water" and V t is the bulk volume of the soil or rock. 



2.5.2 Specific Yield 

The specific yield S y of a soil or rock is the ratio of the volume of water that, after saturation, 
can be drained by gravity to its own volume. 17 Therefore, 



w 

5 y= — 

* V, 



(2.5.2) 



where w y is the volume of water drained. Values of S r and S y can also be expressed as percent- 
ages. Because w r and w u constitute the total water volume in a saturated material, it is appar- 
ent that 



V v = W r + ^ 


(2.5.3) 


a = S r + S y 


(2.5.4) 



where all pores are interconnecting. 

Values of specific yield depend on grain size, shape and distribution of pores, compaction 
of the stratum, and time of drainage. 40 Representative specific yields for various geologic 
materials are listed in Table 2.5.1; individual values for a soil or rock can vary considerably 
from these values. It should be noted that fine-grained materials yield little water, whereas 
coarse-grained materials permit a substantial release of water and hence serve as aquifers. In 



Tt should be noted that the terms field capacity and retained water refer to the same water content but differ by the 
zone in which they occur. 
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EXAMPLE is J 



SOLUTION 



EXAMPLE 2.5,2 



Table 2.5.1 Representative Values of Specific Yield (after Johnson 25 ) 



Material 


Specific yield (percent) 


Gravel, coarse 


23 


Gravel, medium 


24 


Gravel, fine 


25 


Sand, coarse 


27 


Sand, medium 


28 


Sand, fine 


23 


Silt 


8 


Clay 


3 


Sandstone, fine grained 


21 


Sandstone, medium grained 27 


Limestone 


14 


Dune sand 


38 


Loess 


18 


Peat 


44 


Schist 


26 


Siltstone 


12 


Till, predominantly silt 


6 


Till, predominantly sand 


16 


Till, predominantly gravel 


16 


Tuff 


21 



general, specific yields for thick unconsolidated formations tend to fall in the range of 7 to 15 
percent, because of the mixture of grain sizes present in the various strata; furthermore, they 
normally decrease with depth due to compaction. 

Specific yield can be measured by a variety of techniques involving laboratory, field, and 
estimating techniques. 6, 24, 26 Methods based on well-pumping tests, described in Chapter 4, 
generally give the most reliable results for field measurements. 



Estimate the average drawdown over an area where 25 million m 3 of water has been pumped through a 
number of uniformly distributed wells. The area is 150 km 2 and the specific yield of the unconfined 
aquifer is 25 percent. 



The volume of water drained is w y = 25 x 10 6 m 3 . Eq. 2.5.2 is used to determine the bulk volume, V p of 
the aquifer to extract this volume of water: 

w 

S y=~ 

y v, 



0.25 = 



25xl0 6 m 3 

y, 



8 „3 



-> V, = 1x10 m 



Thus, the average water level drop over the area is A h = — = 



V, 1x10 s m 3 



A 150 xlO 6 m 2 



= 0.67 m. 



The storage coefficient for confined aquifers can be approximated by (Jacob, 1950) 

S = yafib + ybr\ 




52 Chapter 2 Occurrence of Groundwater 

where 7 is the unit weight of water, a is the porosity of the aquifer, [3 is the reciprocal of the bulk modu- 
lus of elasticity of water, Tl is the reciprocal of the modulus of elasticity of the skeleton of the aquifer, and 
b is the saturated thickness of the aquifer. 

The first and the second terms in the above equation for S represent the fractions of storage attribut- 
able to the expansibility of water and the compressibility of the aquifer skeleton, respectively. Assuming 
reasonable ranges of values, develop an expression to estimate the storage coefficient of a confined 
aquifer considering the expansion of water only. 

SOLUTION Since we consider only the expansion of water, we must deal with the first term in the given equation. 

Reasonable ranges of values for the given properties, assuming a temperature range of 5-25°C, are 

7=9806 to 9779 N/m 3 
P = 4.85 x 10- 10 to 4.5 x 10~ 10 m 2 /N 
a = 0.10 to 0.50 

Substituting these values into the expression for the storage coefficient attributable to the expansibility 
of water yields 

S = 70 ipfc = (9779 N/m 3 )(0.10)(4.5 x 10" )0 m 2 fH)(b) = (4.4 x 1 (T 7 )b 
or 

S = ya$b = (9806 N/m 3 )(0.50)(4.85 x KT 10 m 2 /N)(b) = (2.4 x 10“ 6 )h 

Thus, in most cases the storage coefficient attributable to the expansion of water would be in the range 
of 4.4 x 10" 7 b to 2.4 x IQ^b, where b is the saturated thickness of the aquifer, 

Determine the volume of water released by lowering the piezometric surface of a confined aquifer by 5 
m over an area of A = 1 km 2 . The aquifer is 35 m thick and has a storage coefficient of 8.3 x 10“ 3 . 

SOLUTION The released volume can be determined utilizing the definition of the storage coefficient, V = 

mm(S) = (1 x 10 6 m 2 )(5 m)(8.3 x 10~ 3 ) = 41,500 m 3 . 

2.6 GEOLOGIC FORMATIONS AS AQUIFERS 

A geologic formation that will yield significant quantities of water has been defined as an 
aquifer. Many types of formations serve as aquifers. 7, 38 A key requirement is their ability to 
store water in the rock pores. Porosity may be derived from intergranular spaces or from frac- 
tures. Table 2.6. 1 summarizes the geologic origin of aquifers in terms of type of porosity and 
rock type. The roles of various geologic formations as aquifers are briefly described in the fol- 
lowing subsections. 

2.6.1 Alluvial Deposits 

Probably 90 percent of all developed aquifers consist of unconsolidated rocks, chiefly gravel 
and sand. These aquifers may be divided into four categories, based on manner of occurrence: 
water courses, abandoned or buried valleys, plains, and intermontane valleys. Water courses 
consist of the alluvium that forms and underlies stream channels, as well as forming the adja- 
cent floodplains. Wells located in highly permeable strata bordering streams produce large 
quantities of water, as infiltration from the streams augments groundwater supplies. Abandoned 
or buried valleys are valleys no longer occupied by the streams that formed them. Although such 
valleys may resemble water courses in permeability and quantity of groundwater storage, their 
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Table 2.6.1 Geologic Origin of Aquifers Based on Type of Porosity and Rock Type (after Dept, of Economic and Social Affairs 16 ) 
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recharge and perennial yield are usually less. Extensive plains underlain by unconsolidated sed- 
iments exist in the United States. In some places gravel and sandbeds form important aquifers 
under these plains; in other places they are relatively thin and have limited productivity. These 
plains flank highlands or other features that served as the source of the sedimentary deposits. 
The aquifers are recharged chiefly in areas accessible to downward percolation of water from 
precipitation and from occasional streams. Intermontane valleys are underlain by tremendous 
volumes of unconsolidated rock materials derived by erosion of bordering mountains. Many of 
these more or less individual basins, separated by mountain ranges, occur in the western United 
States. The sand and gravel beds of these aquifers produce large quantities of water, most of 
which is replenished by seepage from streams into alluvial fans at mouths of mountain canyons. 



2.6.2 Limestone 



Limestone varies widely in density, porosity, and permeability depending on degree of con- 
solidation and development of permeable zones after deposition. Those most important as 
aquifers contain sizable proportions of the original rock that have been dissolved and 
removed . 64 Openings in limestone may range from microscopic original pores to large solution 
caverns forming subterranean channels sufficiently large to carry the entire flow of a 
stream . 9, 28 The term lost river has been applied to a stream that disappears completely under- 
ground in a limestone terrain* Large springs are frequently found in limestone areas. 

The dissolution of calcium carbonate by water causes prevailingly hard groundwater to be 
found in limestone aquifers; also, by dissolving the rock, water tends to increase the pore space 
and permeability with time. Solution development of limestone forms a karst terrain/ charac- 
terized by solution channels, closed depressions, subterranean drainage through sinkholes, and 



*The growing interest of venturesome scuba divers in springs, sinkholes, and caves is yielding new information 
regarding the hydrogeology of limestone aquifers. 

'The term karst is derived from the German form of the Slavic word kras or krs, meaning a black waterless place. 
Also, it is the German name for a district east of Trieste having such a terrain . 44 
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Figure 2.6.1. Diagram showing factors influenc- 
ing cavity distribution in carbonate rocks (after 
Lattman and Parizek 32 ). 



caves (see Figure 2.6.1). Such regions normally contain large quantities of groundwater. 33 
Major limestone aquifers occur in the southeastern United States and in the Mediterranean 
area. 11, t2,31 * A national karst map is being developed by the U.S. Geological Survey. 18 

The Edwards Aquifer (Figure 2.6.2) in south-central Texas is an example of karst terrain. 
The limestone and dolomites are exposed at the land surface, (referred to as the outcrop area) 
where numerous solution openings along vertical joints and sinkholes provide an efficient link 
between the land surface and water table. 70 Figure 2.6.3 shows a sample of the limestone 
bedrock from the Edwards Aquifer, illustrating the porousness of the karst formation. 




EXPLANATION 



|§j Outcrop area of Edwards Aquifer ■ 
^ Artesian area within freshwater zone 



Line separating freshwater zone to the 
north from saltwater zone to the south 



Figure 2.6.2. A large area of karst ter- 
rain is associated with the Edwards 
Aquifer in south-central Texas. Large 
streams lose a considerable amount of 
water to ground water as they traverse 
the outcrop area of the Edwards Aquifer 
(modified from Brown and Patton 8 ). 



* Awareness of the extensive solution development of limestone along the southern perimeter of Europe continues to 
increase. Thus, at Gibraltar, St. Michael’s Cave was discovered only during fortification work in 1942; it is large 
enough to serve today as an underground amphitheater for concerts. 
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Figure 2 . 63 . Limestone bedrock from the Edwards 
Aquifer, a karst formation, is extremely porous and 
provides for very fast movement of ground water. 21 



2.6.3 Volcanic Rock 



Volcanic rock can form highly permeable aquifers; basalt flows in particular often display such 
characteristics/ The types of openings contributing to the permeability of basalt aquifers 
include, in order of importance: interstitial spaces in clinkery lava at the tops of flows, cavities 
between adjacent lava beds, shrinkage cracks, lava tubes, gas vesicles, fissures resulting from 
faulting and cracking after rocks have cooled, and holes left by the burning of trees over- 
whelmed by lava. 38 Many of the largest springs in the United States are associated with basalt 
deposits. Rhyolites are less permeable than basalt, whereas shallow intrusive rocks can be 
practically impermeable. 



2.6.4 Sandstone 



Sandstone and conglomerate are cemented forms of sand and gravel. As such, their porosity 
and yield have been reduced by the cement. The best sandstone aquifers yield water through 
their joints. Conglomerates have limited distribution and are unimportant as aquifers. 

2.6.5 Igneous and Metamorphic Rocks 

In solid forms, igneous and metamorphic rocks are relatively impermeable and hence, serve as 
poor aquifers. Where such rocks occur near the surface under weathered conditions, however, 
they have been developed by small wells for domestic water supply. 

2.6.6 Clay 

Clay and coarser materials mixed with clay are generally porous, but their pores are so small 
that they may be regarded as relatively impermeable. Clayey soils can provide small domestic 
water supplies from shallow, large-diameter wells. 



*An excellent example of a highly permeable volcanic aquifer is in Managua, Nicaragua. Here a circular lake con- 
tained in an extinct volcanic crater serves as the major municipal water source and yields some 75,000 m 3 /day. 
There is no surface inflow, and evaporation exceeds precipitation; hence, the lake, fed entirely by groundwater, acts 
as a large natural well. 
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2.7 TYPES OF AQUIFERS 

Most aquifers are of large areal extent and may be visualized as underground storage reservoirs, 
such as the Edwards Aquifer shown in Figure 2.6.2. Water enters a reservoir from natural or arti- 
ficial recharge; it primarily flows out under the action of gravity or is extracted by wells (see 
Section 1.6.2), Ordinarily, the annual volume of water removed or replaced represents only a 
small fraction of the total storage capacity. Aquifers may be classed as unconfmed or confined, 
depending on the presence or absence of a water table, while a leaky aquifer represents a com- 
bination of the two types. 

2.7.1 Unconfined Aquifer 

An unconfined aquifer is one in which a water table varies in undulating form and in slope, 
depending on areas of recharge and discharge, pumpage from wells, and permeability. Rises 
and falls in the water table correspond to changes in the volume of water in storage within an 
aquifer. Figure 2.3.1 is an idealized section through an unconfined aquifer; the upper aquifer 
in Figure 2.7.1 is also unconfmed. The outcrop area of the Edwards Aquifer (Figure 2.6,2) is 
the unconfmed portion of an aquifer. Contour maps and profiles of the water table can be pre- 
pared from elevations of water in wells that tap the aquifer to determine the quantities of water 
available and their distribution and movement. 

A special case of an unconfined aquifer involves perched water bodies, as illustrated by 
Figure 2.7.2. This occurs wherever a groundwater body is separated from the main ground- 
water by a relatively impermeable stratum of small areal extent and by the zone of aeration 
above the main body of groundwater. Clay lenses in sedimentary deposits often have shallow 
perched water bodies overlying them. Wells tapping these sources yield only temporary or 
small quantities of water. 

2.7.2 Confined Aquifers 

Confined aquifers, also known as artesian or pressure aquifers , occur where groundwater is 
confined under pressure greater than atmospheric by overlying relatively impermeable strata. 



Recharge 

area 




Figure 2.7.1, Schematic cross section illus- 
trating unconfmed and confined aquifers. 



*The word artesian has an interesting origin. It is derived from the French artesien, meaning “of or pertaining to 
Artois,” the northernmost province of France. Here the first deep wells to tap confined aquifers were drilled and 
investigated, from about 1750. Originally the term referred to a well with freely flowing water, but at present it is 
applied to any well penetrating a confined aquifer or simply the aquifer itself. 
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Unconfined aquifer 



Figure 2.7.2. Sketch of 
perched water tables. 



In a well penetrating such an aquifer, the water level will rise above the bottom of the confin- 
ing bed, as shown by the artesian and flowing wells of Figure 2.7.1. Water enters a confined 
aquifer in an area where the confining bed rises to the surface (see Figure 2.6.2); where the 
confining bed ends underground, the aquifer becomes unconfined. A region supplying water 
to a confined aquifer is known as a recharge area; water may also enter by leakage through a 
confining bed (see Figure 2.7.1). Rises and falls of water in wells penetrating confined aquifers 
result primarily from changes in pressure rather than changes in storage volumes. Hence, con- 
fined aquifers display only small changes in storage and serve primarily as conduits for con- 
veying water from recharge areas to locations of natural or artificial discharge. 

The piezometric surface , or potentiometric surface, of a confined aquifer is an imaginary 
surface coinciding with the hydrostatic pressure level of the water in the aquifer (Figure 2.7.1). 
The water level in a well penetrating a confined aquifer defines the elevation of the piezomet- 
ric surface at that point Should the piezometric surface lie above ground surface, a flowing 
well results. Contour maps and profiles of the piezometric surface can be prepared from well 
data similar to those for the water table in an unconfined aquifer. It should be noted that a con- 
fined aquifer becomes an unconfined aquifer when the piezometric surface falls below the bot- 
tom of the upper confining bed. Also, quite commonly an unconfined aquifer exists above a 
confined one, as shown in Figure 2.7.1. 



2.7.3 Leaky Aquifer 

Aquifers that are completely confined or unconfined occur less frequently than do leaky, or 
semiconfined, aquifers. These are a common feature in alluvial valleys, plains, or former lake 
basins where a permeable stratum is overlain or underlain by a semipervious aquitard, or 
semiconfining layer (see Figure 2.7.3). Pumping from a well in a leaky aquifer removes water 
in two ways; by horizontal flow within the aquifer and by vertical flow through the aquitard 
into the aquifer. 

2.7.4 Idealized Aquifer 

For mathematical calculations of the storage and flow of groundwater, aquifers are frequently 
assumed to be homogeneous and isotropic. A homogeneous aquifer possesses hydrologic 
properties that are everywhere identical. An isotropic aquifer’s properties are independent of 
direction. Such idealized aquifers do not exist; however, good quantitative approximations can 
be obtained by these assumptions, particularly where average aquifer conditions are employed 
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Leaky aquifer 



I ' 

Figure 2.7.3. Sketch of a leaky, or 
Impermeable strata semiconfined, aquifer. 

on a large scale. Anisotropic aquifers, which possess directional characteristics, are discussed 
in Chapter 3. 

2.8 STORAGE COEFFICIENT 

Water recharged to, or discharged from, an aquifer represents a change in the storage volume 
within the aquifer. For unconfined aquifers this is simply expressed by the product of the vol- 
ume of aquifer lying between the water table at the beginning and at the end of a period of time 
and the average specific yield of the formation. In confined aquifers, however, if the aquifer 
remains saturated, changes in pressure produce only small changes in storage volume. Thus, 
the hydrostatic pressure within an aquifer partially supports the weight of the overburden 
while the solid structure of the aquifer provides the remaining support. When the hydrostatic 
pressure is reduced, such as by pumping water from a well penetrating the aquifer, the aquifer 
load increases. A compression of the aquifer results, forcing some water from it. In addition, 
lowering of the pressure causes a small expansion and subsequent release of water. The water- 
yielding capacity of an aquifer can be expressed in terms of its storage coefficient. 

A storage coefficient (or storativity ) is defined as the volume of water that an aquifer 
releases from or takes into storage per unit surface area of aquifer per unit change in the com- 
ponent of head normal to that surface. For a vertical column of unit area extending through a 
confined aquifer, as in Figure 2.8.1(a), the storage coefficient S equals the volume of water 
released from the aquifer when the piezometric surface declines a unit distance. The coefficient 
is a dimensionless quantity involving a volume of water per volume of aquifer. In most con- 
fined aquifers, values fall in the range 0.00005 < S < 0.005, indicating that large pressure 
changes over extensive areas are required to produce substantial water yields. Storage coeffi- 
cients can best be determined from pumping tests of wells (Chapter 4), or from groundwater 
fluctuations in response to atmospheric pressure or ocean tide variations (see Chapter 6). 

The fact that S normally varies directly with aquifer thickness enables the rule-of-thumb 
relationship 34 for a confined aquifer 

S = 3xl0-fy (2.8.1) 

where b is the saturated aquifer thickness in meters to be applied for estimating purposes. 

The storage coefficient for an unconfined aquifer corresponds to its specific yield, as 
shown in Figure 2.8. 1(b). 
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Unit cross-sectional area 




(a) ( b ) confined and (b) unconfined aquifers. 

2.9 GROUNDWATER BASINS/REGIONAL 
GROUNDWATER FLOW SYSTEMS 

A groundwater basin may be defined as a hydrogeologic unit containing one large aquifer or 
several connected and interrelated aquifers * Such a basin may or may not coincide with a 
physiographic unit. In a valley between mountain ranges, the groundwater basin may occupy 
only the central portion of the stream drainage basin. In limestone and sandhill areas, drainage 
and groundwater basins may have entirely different configurations. The concept of a ground- 
water basin becomes important because of the hydraulic continuity that exists for the contained 
groundwater resource. In order to ensure continued availability of subsurface water, basin- 
wide management of groundwater, which is described in Chapter 10, becomes essential. 

A regional groundwater flow system can be comprised of subsystems at different scales and 
a complex hydrogeologic framework, illustrated in Figure 2.9.1. The Edwards Aquifer, illustrated 
in Figure 2.6.2, is a regional groundwater flow system. Two regional groundwater flow systems, 
the High Plains Aquifer and the Gulf Coastal Plain Aquifer system, are illustrated in Figure 2.9.2. 

2.9.1 High Plains Aquifer 

An example of a groundwater basin is the High Plains Aquifer (Figures 2.9.2 and 2.9.3), which 
underlies an area of about 174,000 square miles extending through parts of Colorado, Kansas, 
Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming. Approximately 20 
percent of the irrigated agricultural land in the United States overlies the High Plains aquifer, 



*In practice the term groundwater basin is loosely defined; however, it implies an area containing a groundwater 
reservoir capable of furnishing a substantial water supply. 







J High hydraulic-conductivity aquifer 
h<»1 Low hydraulic-conductivity confining unit 
r 1 Very low hydraulic-conductivity bedrock 
< — Direction of groundwater flow 



(?) Local groundwater subsystem 
f) Sub regional groundwater subsystem 
(3) Regional groundwater subsystem 



Figure 2.9.1. A regional groundwater flow system that comprises subsystems at different scales and a complex hydrogeologic 
framework (modified from Sun 53 ). 

Significant features of this depiction of part of a regional groundwater flow system include (1) local groundwater subsystems in 
the upper water-table aquifer that discharge to the nearest surface-water bodies (lakes or streams) and are separated by groundwater 
divides beneath topographically high areas; (2) a subregional groundwater subsystem in the water-table aquifer in which flow paths 
originating at the water table do not discharge into the nearest surface-water body but into a more distant one; and (3) a deep, 
regional groundwater flow subsystem that lies beneath the water-table subsystems and is hydraulically connected to them. The 
hydrogeologic framework of the flow system exhibits a complicated spatial arrangement of high hydraulic-conductivity aquifer 
units and low hydraulic-conductivity confining units. The horizontal scale of the figure could range from tens to hundreds of miles. 3 



and about 30 percent of the groundwater used for irrigation is withdrawn from the aquifer (U.S. 
Geological Survey 57 ). The aquifer boundary approximates the boundary of the Great Plains 
Physiographic Province, which is characterized by a flat to gently rolling land surface and 
moderate precipitation. The region is underlain by sedimentary rocks that dip gently to the east 
and are upturned with their contact with the Rocky Mountains and other dome mountains, such 
as the Black Hills. Figure 2.9.3 shows the regional subdivisions of the High Plains Aquifer: the 
Northern High Plains, the Central High Plains, and the Southern High Plains. 

The altitude and configuration of the water table in the High Plains Aquifer is affected 
mostly by the altitude and configuration of the underlying bedrock surface, the transmissivity 
of the aquifer, and the rate and distribution of recharge and discharge. Large areas of the 
aquifer are not continuously saturated or are saturated only in isolated channels in the bedrock 
surface. The water table in other parts of the aquifer is continuous and slopes eastward at gra- 
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Figure 2.9.2. Location of the High Plains Aquifer and the Gulf Coastal Plain Aquifer system. 55 



dients of about 10 to 40 ft/mi. In most locations, the water levels have declined since irrigation 
withdrawal became widespread. 

Irrigation with groundwater began in the 1800s using windmill-powered pumps, with 
large-scale withdrawals beginning after the 1930s drought. Because of the large water-level 
declines in the aquifer, the saturated thickness has substantially decreased, significantly 
increasing the cost to obtain the water. The result has been to use deeper wells and larger 
pumps, leading to higher energy costs. Figure 2.9.3 shows the location of selected wells whose 
hydrographs are plotted in Figure 2.9.4. These hydrographs clearly indicate historical water- 
level declines. The effects of the groundwater withdrawals on the southern High Plains Aquifer 
are illustrated in Figure 2.9.5. Figure 2.9.6 shows the changes in groundwater levels and the 
percent change in saturated thickness of the aquifer from predevelopment to 1997. 

2.9.2 Gulf Coastal Plain Aquifer System 

The Gulf Coastal Aquifer system (Figure 2.9.2) consists of a large, complex system of aquifers 
and confining units that underlie about 290,000 square miles. 55 This system extends from 
Texas to westernmost Florida, including offshore areas to the edge of the Continental Shelf. 
The aquifer system has been coarsely subdivided into 17 regional aquifers and confining units, 
most of which are shown in Figure 2.9.7. Groundwater withdrawals have significantly altered 
the groundwater conditions in the aquifer system, resulting in large-scale regional changes in 
direction of horizontal flows, changes in vertical direction of flow between aquifers, increases 
in regional recharge to aquifers, and decreases in regional discharge from aquifers. 55 The sim- 
ulated widespread reversal of vertical-flow directions from predevelopment to 1987 for the 
upper part of the Gulf Coastal Plain Aquifer is shown in Figure 2.9.8. 
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Figure 2.9.4. 1998 Hydrographs 
for selected wells in the High Plains 
Aquifer. 39 
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Figure 2.9.4 (continued). 1998 
Hydrographs for selected wells is 
the High Plains Aquifer. 39 




la) vertical scale greatly exaggerated 





Figure 2.9 .5. The effects of groundwater with- 
drawals on the southern High Plains Aquifer. 

(a) Schematic cross section of the southern 
High Plains Aquifer illustrating that groundwater 
withdrawal in the middle of the southern High 
Plains Aquifer has a negligible short-term effect 
on the discharge at the boundaries of the 
aquifer. 33 (b) Water budgets of the southern 
High Plains Aquifer (all flows in million cubic 
feet per day) before development and during 
development. 3 
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Figure 2.9.6. (a) Changes in groundwater levels in the High Plains Aquifer from predevelopment to 1997 and(£>) saturated thick- 
ness in the High Plains Aquifer from predevelopment to 1997. (V. L. McGuire, U.S. Geological Survey, written commun., 1998.) 

Extensive pumping of ground water for irrigation has led to groundwater- level declines in excess of 100 feet in parts of the High 
Plains Aquifer in Kansas, New Mexico, Oklahoma, and Texas. These large water-level declines have led to reductions in saturated 
thickness of the aquifer exceeding 50 percent of the predevelopment saturated thickness in some areas. Lower groundwater levels 
cause increases in pumping lifts. Decreases in saturated thickness result in declining well yields. Surface-water irrigation has result- 
ed in water-level rises in some parts of the aquifer system, such as along the Platte River in Nebraska. 3 



66 Chapter 2 Occurrence of Groundwater 



N 

feet 



s 




5.000 -| 

SEA 

LEVEL 

5.000 

10.000 

15,000 



MISSISSIPPI EM8AYMENT 
AQUIFER SYSTEM 



COASTAL LOWLANDS 
AQUIFER SYSTEM 



Illinois 



SCALE IS APPROXIMATE 



Aquifor and modal layer number- 
patterned area contains saline water 



l‘> I 



Confining unit and model layer 
number 



UnR truncated at edge of Continental 
Shelf 



4 JO WO MILES 

I 1 — -S 1 

0 JO KOKROMETERS 



Figure 2.9.7. Aquifers and confining units and designation of layers in a regional model of the Gulf Coastal Plain Aquifer system 69 (as 
presented in Taylor and Alley 55 ). 
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Figure 2.9.8. Areas 
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2.10 SPRINGS 
2.10.1 What Are Springs? 

A spring is a concentrated discharge of groundwater appearing at the ground surface as a 
current of flowing water. To be distinguished from springs are seepage areas, * which indicate 
a slower movement of groundwater to the ground surface. Water in seepage areas may pond 
and evaporate or flow, depending on the magnitude of the seepage, the climate, and the 
topography. 

Springs occur in many forms and have been classified as to cause, rock structure, dis- 
charge, temperature, and variability. Bryan 10 divided all springs into (1) those resulting from 
nongravitational forces and (2) those resulting from gravitational forces. Under the former cat- 
egory are included volcanic springs, associated with volcanic rocks, and fissure springs, result- 
ing from fractures extending to great depths in the earth’s crust. Such springs are usually 
thermal (see following section). 

Gravity springs result from water flowing under hydrostatic pressure; the following gen- 
eral types are recognized (see Figure 2. 10.1): 10 

1. Depression Springs — Formed where the ground surface intersects the water table. 

2. Contact Springs — Created by a permeable water-bearing formation overlying a less per- 
meable formation that intersects the ground surface. 

3. Artesian Springs — Resulting from releases of water under pressure from confined aquifers 
either at an outcrop of the aquifer or through an opening in the confining bed. 

4. Impervious Rock Springs — Occurring in tubular channels or fractures of impervious rock. 

5. Tubular or Fracture Springs — Issuing from rounded channels, such as lava tubes or solu- 
tion channels, or fractures in impermeable rock connecting with groundwater. 




Figure 2.10.1. Diagrams illustrating types of gravity springs, (a) Depression spring. ( b ) Contact spring, (c) Fracture artesian spring, 
(i d) Solution tubular spring (after Bryan, 10 copyright © 1919 by the University of Chicago Press). 



* Seepage is a general term describing the movement of water through the ground or other porous media to the 
ground surface or surface water bodies. The term is well established in the engineering literature in connection with 
groundwater movement from and to surface water bodies, particularly where associated with structures such as 
dams, canals, and levees. 
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To define magnitudes of springs, Meinzer proposed a classification by discharge shown in 
Table 2. 10. 1 . Large- magnitude springs occur primarily in volcanic and limestone terrains. 43 

The discharge of a spring depends on the area contributing recharge to the aquifer and the 
rate of recharge. Adequate spring water to supply the needs of a single family can be obtained 
from a few hectares, whereas large areas with high rainfalls are necessary to produce a first- 
magnitude spring. Figure 2. 10.2 shows the contributing recharge area (795km 2 310 square mi) 
for the Maramec Spring, near Rolla, Missouri. The spring discharges about 1,555 ft 3 /sec 
(4.4m 3 /s) into the nearby Maramec River, more than doubling the flow in the river most of the 
time. 58 

Most springs fluctuate in their rate of discharge. Fluctuations are in response to variations 
in rate of recharge with periods ranging from minutes to years, depending on geologic and 
hydrologic conditions. Figure 2.10.3 shows the relationship among precipitation, discharge, 
and dissolved calcium, 65 indicating the mixing of differing water sources emerging from the 
spring. The groundwater and surface-water basins coincide with karst features such as caves, 
sinkholes, losing stream reaches, springs, and conduits in the sedimentary features. Perennial 
springs drain extensive permeable aquifers and discharge throughout the year, whereas inter- 
mittent springs discharge only during portions of the year when sufficient groundwater is 
recharged to maintain flow. Areas of volcanic rock and sandhills are noted for their perennial 
springs of nearly constant discharge. Springs that exhibit more or less regular discharge fluc- 
tuations not associated with rainfall or seasonal effects are periodic springs. Such fluctuations 
may be caused by variations in transpiration, by atmospheric pressure changes, by tides affect- 
ing confined aquifers, and by natural siphons acting in underground storage basins. 

In coastal areas containing limestone or volcanic rock aquifers, large subsurface channels 
often discharge groundwater through openings to the sea. Such submarine springs can be 
found along the borders of the Mediterranean Sea and also in Hawaii. Where the discharge is 
sufficiently large, potable water can be lifted directly from the sea surface.* 



Table 2.10.1 Classification of Springs by Discharge 
(after Meinzer 41 ) 8 



Magnitude 


Mean discharge 


First 


>10 m 3 /s 


Second 


1-10 m 3 /s 


Third 


0.1-1 m 3 /s 


Fourth 


10-100 1/s 


Fifth 


1-10 Vs ■ 


Sixth 


0.1-1 Vs 


Seventh 


10-100 nU/s 


Eighth 


<10mVs 



a Another discharge classification of springs, also pro- 
posed by Meinzer and based on English units, has been in 
use for many years in the United States. 



*Lucrefius, a Roman poet and philosopher of the first century B.C., described a submarine spring in the Mediter- 
ranean Sea in his epic poem De Rerum Natura: “In the sea at Arados is a fountain of this kind, which wells up with 
fresh water and keeps off the salt waters all around it ... a seasonable help in need to thirsting sailors, vomiting 
forth fresh waters amid the salt.” 
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dye traces, and the recharge area for Maramec 
Spring. 58 
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2.10.2 Edwards Aquifer — Discharge of Springs 

The recharge to the Edwards Aquifer (Figure 2.6.2) is derived mainly from seepage into the 
aquifer from streams that cross the outcrop of the aquifer and direct infiltration of precipita- 
tion on the outcrop. The watershed areas providing recharge to the aquifer are shown in Fig- 
ure 2. 10.4. Net recharge into the aquifer from the Guadalupe River Basin is negligible 48 . The 
estimated annual recharge to the aquifer by basin for 1980 to 2001 is listed in Table 2. 1 0.2. The 
estimated average annual recharge for the 1980 to 2001 time period is 684,700 ac-ft. 

Discharge from the Edwards Aquifer is from wells and springs (refer to Figure 2.10.5). 
The major discharge from wells is in Bexar, Medina, and Uvalde Counties. The City of San 
Antonio, Texas, obtains all of its water supply from the aquifer. Table 2. 10.3 lists the estimated 
annual discharge from the Edwards Aquifer by county and lists the portion from wells and 
from springs. Note the relation of discharge from springs as compared to well discharge as a 
function of time. Discharge from the Comal Springs (Figure 2.10.6) and San Marcos Springs 
for 2001 was 414,800 ac-ft, accounting for 78 percent of the discharge for that year. 
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1 Includes recharge from ungaged areas (Figure 2.10.4). 

2 Recharge to Edwards aquifer from the Medina River Basin consists entirely of losses from Medina Lake (Puente' 

3 Total might not equal sum of basin values due to rounding. 

Source: Slattery and Thomas 49 
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Figure 2.10.5. Edwards Aquifer with springs. 30 




Figure 2.10.6. Comal Springs, Edwards 
Aquifer. 

The highly productive Edwards Aquifer, 
the first aquifer to be designated as a sole 
source aquifer under the Safe Drinking Water 
Act, is the source of water for more than one 
million people in San Antonio, Texas, some 
military bases and small towns, and for south- 
central Texas fanners and ranchers. The 
aquifer also supplies water to sustain threat- 
ened and endangered species habitat associat- 
ed with natural springs in the region and sup- 
plies surface water to users downstream from 
the major springs. These various uses are in 
direct competition with groundwater develop- 
ment and have created challenging issues of 
groundwater management in the region (pho- 
tograph by Robert Morris, U.S. Geological 
Survey). 




Table 2 

Cal end; 
year 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

1998 
4 1999 
2000 
2001 



1 Tc 

2 D; 
the Leon; 
3 Dt 
4 D, 

5 d< 

Sou 



2.11 



2 . 11.1 
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Table 2.10.3 Estimated Annual Discharge from the Edwards Aquifer by County, 1986-2001 (thousands of acre- feet) 



Calendar 

year 


Kinney-Uvalde 

Counties 


Medina 

County 


Bexar 

County 


Comal 

County 


Hays 

County 


Total 1 


Well 

discharge 


Spring 

discharge 


1980 


151.0 


39.9 


300.3 


220.3 


107.9 


819.4 


491.1 


328.3 


1981 


104.2 


26.1 


280.7 


241.8 


141.6 


794.4 


387,1 


407.3 


1982 


129.2 


33.4 


305.1 


213.2 


105.5 


786.4 


453.1 


333.3 


1983 


107.7 


29.7 


277.6 


186.6 


118.5 


720.1 


418.5 


301.6 


1984 


151.1 


46.9 


309.7 


108.9 


85.7 


702.3 


529.8 


172.5 


1985 


156.9 


59.2 


295.5 


200.0 


144.9 


856.5 


522.5 


334.0 


1986 


2 91,7 


41.9 


294.0 


229.3 


160.4 


2 8 17.3 


429.3 


2 388.1 


1987 


^.l 


15.9 


326.6 


286.2 


198.4 


2 922.0 


364.1 


2 558.0 


1988 


2 156.7 


82.2 


317.4 


236.5 


116.9 


2 909.7 


540.0 


2 369.8 


1989 


156.9 


70.5 


305.6 


147.9 


85.6 


766.6 


542.4 


224.1 


1990 


118.1 


69.7 


276.8 


171.3 


94.1 


730.0 


489.4 


240.6 


1991 


76.6 


25.6 


315.5 


221.9 


151.0 


790.6 


436.3 


354.3 


1992 


76.5 


9.3 


370.5 


412.4 


261.3 


1,130.2 


327.3 


802.8 


1993 


107.5 


17.8 


371.0 


349.5 


151.0 


996.7 


407.3 


589.4 


1994 


95.5 


41.1 


297.7 


269.8 


110.6 


814.8 


424.6 


390.2 


1995 


90.8 


35.2 


272.1 


235.0 


127.8 


761.0 


399.6 


361.3 


1996 


117.6 


66.3 


286.8 


150.2 


84.7 


705.6 


493.6 


212.0 


1997 


3 29.9 


3 7.0 


3 255.3 


243.3 


149.2 


3 684.7 


3 300.7 


384.0 


1998 


113.1 


51.3 


312.8 


271.4 


169.2 


915.9 


451.7 


464.1 


4 1999 


5 99.8 


48.3 


298.3 


295.2 


142.3 


884.0 


427.8 


456.2 


2000 


89.1 


45.1 


283.6 


226.1 


108.4 


752.3 


414.8 


337.5 


2001 


68.7 


33.9 


291.6 


327.4 


175.3 


896.9 


367.7 


529.1 



1 Total might not equal sum of county values due to rounding. 

2 Differs from value in Edwards Underground Water District Bulletins 46-48, table 3, due to correction of an error in the method of computing 
the Leona Formation underflow. 

3 Does not include irrigation discharge (Bexar, Medina, and Uvalde Counties). 

4 Does not include discharges for domestic supply, stock, and miscellaneous use. 

5 Does not include discharge from Kinney County. 

Source: Slattery and Thomas 49 



2.11 HYDROTHERMAL PHENOMENA 
2.11.1 Thermal Springs 

Thermal springs discharge water having a temperature in excess of the normal local ground- 
water. The relative terms warm springs and hot springs are common. Waters of thermal springs 
are usually highly mineralized and consist for the most part of meteoric water that has been 
modified in quality by its passage underground. 60 

Hydrothermal phenomena involving the release of water and steam are nearly always 
associated with volcanic rocks and tend to be concentrated in regions where large geothermal 
gradients occur. Also, by implication, aquifers must be present that permit water to percolate 
to great depths — often 1,500 to 3,000 m. This water, heated from below, forms a large con- 
vective current that rises to supply hydrothermal areas (see Figure 2.11.1). 

A geyser is a periodic thermal spring resulting from the expansive force of superheated 
steam within constricted subsurface channels (see Figure 2. 1 1.2). Water from surface sources 



*The word geyser is derived from the Icelandic word geysir, meaning to gush or rage. 
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Figure 2.11.1. Schematic diagram of a 
hydrothermal system (after Keefer 29 ). 




Figure 2.11.2. Eruptions of 
the Midway Geysers in 
Yellowstone National Park, 
Wyoming (after Keefer 29 ). 



and/or shallow aquifers drains downward into a deep vertical tube where it is heated to above 
the boiling point. With increasing pressure the steam pushes upward; this releases some water 
at the surface, which reduces the hydrostatic pressure and causes the deeper superheated water 
to accelerate upward and to flash into steam, The geyser then surges into full eruption for a 
short interval until the pressure is dissipated; thereafter, the filling begins again and the cycle 
is repeated. 

Another kind of hot spring, known as a mudpot, results when only a limited supply of 
water is available. Here water mixes with day and undissolved particles brought to the surface, 
forming a muddy suspension by the small amount of water and steam continuing to bubble to 
the surface, kfumarole is an opening through which only steam and other gases such as car- 



The word fumarole stems from the Latin fumus, meaning smoke. 



